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To numerically confirm the many evaluations and results
throughout this book, various integration and summa-
tion commands available in software produced by Wol-
fram Research, Inc. were utilized. Moreover, virtually all
illustrations and graphs were produced by software pro-
duced by Wolfram Research, unless specified otherwise.
Specifically, Wolfram Desktop Version 12.0.0.0 running
on a Windows 10 PC. As of the time of the release of
the book, this is the latest release of Wolfram Desktop.
The commands in this book are standard and are likely
to continue to work for subsequent versions. Wolfram
Research does not warrant the accuracy of the results

in this book. This book’s use of Wolfram Research soft-
ware does not constitute an endorsement or sponsorship
by Wolfram Research, Inc. of a particular pedagogical
approach or particular use of the Wolfram Research soft-
ware.
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About the Author

Hi! My name is Hamza Alsamraee, and I am a senior (12" grade)
at Centreville High School, Virginia. I have always had an affinity
for mathematics, and from a very young age was motivated to pur-
sue my curiosity. When I entered a new school in 7" grade after
moving, I encountered some new mathematics [ was unequipped
for. Namely, I did not know what a linear equation even was! I was
rather low-spirited, as I was stuck in an ever-lasting loop of confu-
sion in class.

My mother and father soon began teaching me to the best of their
ability. Fortunately, their efforts were effective, and I got a B on
my first linear equations test! It was a huge improvement from be-
ing totally lost, but I wanted to know more. I did not care much
about the grade, but I did care that I did not completely master
the material.

I soon entered in a period of rapid learning, delving into curricu-
lums significantly beyond my coursework simply for the sake of
mastering higher mathematics. It seemed to me that the more I
explored the field, the more beautiful the results were.

I quickly got bored of the regular algebra and geometry problems,
and wanted to know if there was more to mathematics. I browsed
the web for "hard math problems," and stumbled across this inte-
gral:

15
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/tﬁdm:ﬂ (1)

Well, I knew what 7 is, but what is that long S symbol on the left
side? So, I browsed the web again, but this time asking what that
"long S symbol" is. It is an integral! Cool, I thought, but what
does that even mean?

Soon started a period where I was almost obsessed with those math-
ematical creatures! The evaluation of integrals and series quickly
became a hobby, leading me to challenge myself everyday with a
new integral or series that "looked" like it might yield a nice closed
form.

As I delved deeper into the subject matter, I discovered the well-
known special functions such as the gamma and zeta functions. Be-
ing a physics enthusiast, I was fascinated by their applications in
physics as well as in other scientific disciplines. I found my love for
mathematics and science converge, and was determined to cultivate
this passion.

Ever since then, I began collecting results and solutions to vari-
ous problems in the evaluation of integrals and series. It was only
about a year ago, due to a suggestion of one of my close friends,
that I thought about compiling my results into a cohesive curricu-
lum. I remembered my early days in doing these sorts of problems,
and my frustration at the lack of quality resources. It was then
that I became determined to write this book!

After I began writing the book, I began wondering how many indi-
viduals were genuinely interested in this type of mathematics. As
an experiment, I set up a mathematics Instagram account by the
name of daily math_ to test the reaction to some of the book’s
problems. After an overwhelmingly positive response, I was more
motivated than ever to finish this book! At the time of the pub-
lishing of this book, the account has garnered over 40,000 followers
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globally, from middle school students to mathematics PhD’s.

Proof of

This integral is truly special to me, as it marked the beginning of a
period of immense investment into my passion, mathematics. Thus,
I have compiled a list of proofs that I derived over the years. Even
though all these proofs were arrived at independently, they exist in
the literature since this integral is rather common.

y
4
3
2
-1.0 —05 05 10°

Figure 1: Graph of the integrand of

Proof 1. We will begin by splitting this integral from —1 to 0 and

from 0 to 1 to get:
1
/1
I:/ +xdx
-1 1—=x
0 1
1 1
:/EM +xdx+/‘ﬂ AL
-1 1—=x 0 1—=x
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Using the substitution x — —x on the first integral,

0 — 1
1_—/ e xdx—i—/ e
1 1+.%' 0 1—=x
1 1—
_/ <\/ :U+ 14+ da
0 1+x 1—:1:

:/1(1—x)+(1+33) d
0o v(1-2)(1+2)

L |
:2/ — dz (2)
0 1— 22

Since

d arcsinx 1

dz V1—2z2

We have:

I = 2[arcsin z];

=[7]

An alternate way to compute is by the substitution x = sinu, da =
cos u du:

arcsin 1 Cos u
——— du
a 2

rcsin O 1 —sin“w

arcsin 1
= / du
arcsin 0
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. . ™
—arcsinl — arcsin(0 = 5

Vit

Proof 2. Consider multiplying (1) by ~——x
Vvi+z

L 14z
I = — dz
/1 V1— 22

1 1 1 "
= dl‘+/ — dx
/_1\/1x2 1V1 — 22

For the second integral, we let u = 1 — 22, —%“ =z dx to get:

19

Which can be easily argued from the fact that the integrand in the

second integral is an odd function on the interval (—1,1).
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- 180 =05 0.5 1.0

Figure 2: Graph of y = % on (—1,1)

-
We therefore obtain:

I=mn

Proof 3. Consider the integral reflection property,

bf(x) dz = bf(a—i—b—:p) dz
[, seae= |

Applying that to gives:

1:/_11\/2@: 3)

Adding and (1)) gives:
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= 2(arcsin(1) — arcsin(—1)) = 27

Therefore,
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Preface

What is the value of this integral?

1
/ 22 dz
0

Hopefully, you calculated the correct value of % Now, what about
this one?

Jus

/2 In(sinz) dx
0

Well, that was quite a jump in difficulty. If your pencil is already
out, trying out your every tool, then this book is for you! However,
if you are perplexed as to why anyone cares about the evaluation of
this integral, then this book is for you as well!

The complete solution to the integral above can be found in .
However, the value has little importance. Rather, it is the tech-
niques and methods that are employed that are worth attention. If
problems like these give you a kick, then you are in for a good ride.
If not, then by part 4 of this book, you will see the importance of
the techniques used to answer such questions!

I have written this book with two types of readers in mind: 1) math-
ematical enthusiasts who love a challenging problem, and 2) physics,

23
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chemistry, and engineering majors. In this book, I aim to use the
methods introduced in a standard two-semester calculus course to
develop both problem solving skills in mathematics and the mathe-
matical sciences.

The examples given often have very differing solutions, some of
marvelous ingenuity and some that are rather standard. This is
done on purpose, as it ultimately benefits readers to see multiple
perspectives on similar problems. From u—substitutions to clever
interchanges of integration and summation, various methods will
be presented that can be used to solve the same problems. In order
to make this book accessible to a larger base of students, contour
integration is not included in the book.

It is worth noting that this is not an elementary calculus book,
although the first chapters are there as a refresher for those who
need it. A key difference between this book and other mathematics
books that attempt to address a similar topic is that it is written
with the reader in mind. Rarely would you need to struggle through
proving a non-trivial statement that was previously declared as
"trivial and left to the reader." Moreover, instead of the normal
theorem-focused advanced mathematics book, I aim to minimize
the number of techniques and methods and instead focus on exam-
ples.

In writing this book, I intended to make it as self-contained as pos-
sible. The various identities and theorems used in this book are
often proved in the book, and the scientific concepts behind each
application are explained and elaborated upon. Moreover, for the-
orems that need an extensive mathematics background, I aimed to
simplify and translate their statements into the book’s area of con-
cern as best as possible without losing key details.

Even though this book is heavily mathematical, almost 100 pages
are dedicated to applications of the techniques explored in the book.
The applications are broad and include various topics of concern in
the sciences and engineering. Many of the problems in this book,
particularly those in chapter 8, are included simply because they
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are elegant results and develop the problem-solving skills of the
reader. However, a few of the integrals and series, and certainly all
of the methods employed, have wide applications in many science
and engineering fields.

In the first two chapters, I introduce Mathematica as a way to nu-
merically or symbolically verify the correctness of a result. This is
done to familiarize the reader with Mathematica syntax so they are
able to employ it on their own in later chapters.

In addition to almost one hundred fully worked out examples, there
are exercise problems for the reader at the end of each chapter.
Generally, these problems get progressively harder by number. How-
ever, all these problems involve the same techniques used in the
chapter they are included in! A few challenge problems are scat-
tered throughout the book to engage the more experienced reader.

The answers to these exercise problems are all included at the end
of the book. There is a high likelihood that I will compile a list of
solutions to these problems in a solutions manual to be published a
few months after the book’s launch.

Enjoy!

Hamgza Alsamraee,
Centreville High School

A Note on the Originality of the Results

I have tried to cite results attributed to well-known mathemati-
cians to the best of his ability. However, it is virtually impossible to
check the originality of all the results in this book. Many are clas-
sic results, and a few are more unusual. To the best of my knowl-
edge, many of the integrals and series in this book will be exposed
to the literature for the first time. I do not claim originality, but I
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do claim authenticity.
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This chapter will serve as a review of differential calculus, which
will be used throughout the book, especially in chapter 3. In this
chapter, we will also delve into elementary as well as advanced lim-
its, giving a glimpse into the later chapters of the book. We will
begin with the epsilon-delta definition of the limit and transition
into the evaluation of limits. After all, what better way is there to
start a calculus book other than to define the limit?

1.1 The Limit

We shall define the limit as the following (epsilon-delta definition):

Let f (x) be a function defined on the interval (a,b), except

possibly at zg, where xg is in the interval i.e. a < xg < b

then the limit is lim f (x) = L if for every number £ > 0
Tr—xTQ

there exists a § > 0 such that

| f (z) — L| < e whenever 0 < |z — x| < 8 (1.1)

For all z.

This is a formalization of the limit which turns our rather informal
notion of the limit to a rigorous one. Instead of using broad terms
such as f(x) gets "close" to L as = gets "close" to xg, this defini-
tion allows us to rigorously discuss limits.

The theorem originated from the French mathematician and physi-
cist Augustin-Louis Cauchy and was modernized by the German
mathematician Karl Weierstrass. This marked an interesting time
in the history of mathematics, representing its move towards rigor.
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0 z

Figure 1.1: A visualization of the epsilon-delta definition of the
limit

"...Since Newton the limit had been thought of as a bound
which could be approached closer and closer, though not
surpassed. By 1800, with the work of L’Huilier and Lacroix
on alternating series, the restriction that the limit be one-
sided had been abandoned. Cauchy systematically translated
this refined limit-concept into the algebra of inequalities, and
used it in proofs once it had been so translated; thus he gave
reality to the oft-repeated eighteenth-century statement that
the calculus could be based on limits." - American mathe-
matician Judith Grabinei®

“Grabiner, Judith V. (March 1983), "Who Gave You the Epsilon?
Cauchy and the Origins of Rigorous Calculus" , The American Math-
ematical Monthly, 90 (3): 185-194, doi:10.2307/2975545, JSTOR
2975545

This formulation will not be used extensively in this book, but is
nonetheless widely used in analysis. Specifically, it is employed
heavily in proving the continuity of a function.
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A function f is said to be continuous at zq if it is both de-
fined at z¢ and its value at 2y equals the limit of f(x) as x
approaches x, i.e.

lim f(z) = f(zo)

T—T0

Consequently, f(z) is said to be continuous on some interval (a, b)
if it is continuous for every x( belonging to that interval.

Let us begin with an easy first example!
Example 1: Prove that lir% z? = 0 using the epsilon-delta defini-
r—r

tion of a limit.

Solution

In this case both L and zy are zero. We start by letting ¢ > 0.
According to the (g, §) definition of the limit, if lim, ,o2? = 0 we
will need to find some other number § > 0 such that

|22 — 0| < & whenever 0 < |z — 0] < ¢
Which gives us
2?2 < ¢ whenever 0 < |z| < §

Starting with the left inequality and taking the square root of both

sides we get
x| < Ve

This looks very similar to the right inequality, which drives us to
set /€ = . We now need to prove that our choice satisfies

|22| < & whenever 0 < |z| < /2
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Starting with the right inequality with the assumption that 0 <

|z < Ve
}3:2‘ = |z < (\/5)2 =¢

Which gives us

This is exactly what we needed to show! In conclusion, we have
shown that for any € > 0 we can find a § > 0 such that

|22 — 0| < & whenever 0 < |z — 0] <0

Which proves our original supposition that

lim 22 =0
x—0

sin (x)

Example 2: Prove that lin%) = 1 using the epsilon-delta
Tr—

definition of a limit.
Solution

To start off, we will make use of the unit circle to derive some iden-
tities. Consider figure 1.2.
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Y
1
—
1
2
tan «
o ‘ T
-1 1 CoS « 1
2
\ /
2
N 1

Figure 1.2: The unit circle. Figure generated using TikZ software

Figure 1.3: Points B, C lie on the unit circle
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Now, consider figure [[.3] Using the basics of the unit circle, we can
say that point C' has a y—coordinate equal to sinx and point A has
a y—coordinate equal to tanz. Now, consider triangle AOCB and
triangle AOAB where O is the origin. AOCB has area is %sin:z:
while AOAB has area %tan x.

Moreover, the area of the sector formed by z is § (z is measured in

radians). We now have the inequality

1 1
5 sinz < g < §tan:c (1.2)
Dividing ([1.2]) by %sin x,
T 1

1<—<
sinz ~ cosx

Taking the reciprocal,

sin x
cosr < — <1
T

sin x

Since and cosz are even functions, this inequality holds for

any non-zero x on the interval (—g, g) This leads us to

sin (x)

X

- 1‘ < 1—cos(z) (1.3)
We can then use the trigonometric identity

cos(2x) =1 — 2sin’x

T 232

To obtain that 1 — cos (z) = 2sin?(%) < % where the inequality
holds because of (1.2)). (1.3)) is then transformed into

1.2

sin (2) _ 1’ <3 (1.4)

T
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We proceed to let § = /¢ which gives us

|z —0] <d=+¢
Plugging back into (1.4]),
. 2 )
sin () —1‘ < YE
T 2

Which then proves the limit by showing that for any € > 0 we can
find a § > 0 such that

M—1‘<<€Wheneve1r0<|9U—0|<5

x

1.1.1 L’Hopital’s Rule

Theorem

L’Hopital’s rule is one of the most widely known limit prop-
erties. It states that if two functions f and g are differen-
tiable on an open interval I, with an exception made for a,
and the limit of their quotient takes an indeterminate form

such as % or >, the limit of their quotient can be expressed

as
lim f(2) = lim f'(z)
Pag@) g (@)

Given that ¢’ (z) # 0 and the RHS exists.

\. .

The rule is named after the 17th-century French mathematician
Guillaume de L’Hopital. Even though the rule is often attributed

to L’Hopital, the theorem was first introduced to him in 1694 by

the Swiss mathematician Johann Bernoulli. This rule simplifies

many limits and sometimes is needed more than once. Again, we

can start with an easy problem to get the gist of how to use L’Hopital’s
rule.
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Example 3: Find the value of lim ze™™

T—r 00
Solution

We will first need to establish a non-constant denominator. This
is because if our denominator is constant, its derivative will be 0.
There are two simple choices

1|

YUl =

We can see that the latter choice is better as the first will produce
an even more complicated result when L’Hopital’s rule is applied.
Remember, when one key does not work, one must proceed to try
another one! As the problems in this book get harder, this idea be-
comes vital. Going back to our problem,

. _ . y
L= lim ze " = lim —
T—00 T—o00 ¥

After applying L’Hopital’s rule we obtain:

Now it is easy to see that
L= 1lim ze7* =0

T—r00

To numerically "confirm" our result, we can use Wolfram Desktop
(Or Mathematica):

In[1]:=  Limit[x/E~x, x -> Infinity]

ouffil= 0O
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(1+%)n

Example 4: Find lim
n—oo

&
y
- \
06
0.4
02
2 4 6 8 10 %

Figure 1.4: The graph shows limiting behavior approaching a value
near .6

Solution
Define

[=

T

<1+
L= lim |[~—"/_

n—oo e

We then have

n
(1+$) 1
InL=1lmnh| —4— 1| = lim nzln(l—i—)—n
n

n—00 e n—oo

We will proceed to transform the limit into one we can apply L’Hopital’s
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rule on, i.e. a fraction with a non-constant denominator:

nin(141) -1
InL = lim T

n—oo =
n

After applying L’Hopital’s we obtain:

n(1+41) -2
n< +5)_1+ hl(“ﬁ)—#l
InL = lim il = lim il
n—oo —— n—oo -
n n

:w‘ —

3=

Applying L’Hopital’s rule again and simplifying we obtain:

N S 3
L= lim = "5 = lim 2n(nn+ 1)
n3

We can already see that expanding the denominator would result in
a first term of 2n3. Thus,

InL = !
2

By using the ratio of the coefficients.

1
= L=—
Ve
Mathematica gives:
Inf2:=  Limit[((1 + 1/x)"x/E)~x, x -> Infinity]

Out[2]= 1/Sqrt [E]
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1.1.2 More Advanced Limits

oo

1
Example 5: Define the Riemann zeta function as ((s) = — =
n
n=1
1 1 1 1 . . 1
F + ? + ? + E Find Sliglo (C(S) — 1)5
y
0.8
0.6
0.4
0.2
2 4 6 8 10"
1
Figure 1.5: A graph of y = (C(x) — 1)E
Solution

We know that the first term of the zeta function will always be

Therefore,
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1
We proceed to factor out o

1
. 1 92 S 9 s s
L:JLTO2<H<3) +(4> )

As s — 00, all terms inside the parentheses with s as an exponent
will approach zero. Therefore,

.1
L= lim —-15
S$—00
Now it is easy to see that
11
lim (¢(s)—1)° ==

5§—00

Testing our result with Mathematica,

el (Zetalx]-1)1/%
ougle  —
ut[3]= 5

Example 6: Define the double factorial, which is usually denoted
I as

nll=n-(n—2)-(n—4)---
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For even numbers, the last number to be multiplied by is 2, while
for odd numbers it is 1. For example,

6!!=6-4-2=48

S11=5-3-1=15
(2n —D!y/n

Find nhi& @t forn e N
0.560 -
0.555
0.550
10 20 30 40 50

Figure 1.6: Using Mathematica’s ListLinePlot function, we can get

a graph of the sequence a,, = W

Solution
A double factorial , n!!, can be expressed using normal factorials.
The expressions for our case are as follows
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By substituting the above expressions into our limit we obtain:

!
L= lim WV

Now, we will introduce Stirling’s approximation.

Theorem

Stirling’s approximation, or Stirling’s formula, is one of the
most common approximations for factorials. The general for-
mula is

Ink!=Fklnk —k+O(lnk) (1.5)

Where Big O notation indicates that the LHS (Left-hand
side) describes the RHS’s (Right-hand side) limiting behav-
ior, i.e. as k — oo. A more precise approximation, which is

derived from (|1.5)), is
nl~ v2mn <n> (1.6)

e

Using ([1.6)) we have:
I = lim Y 4n(2n)2" - 2"

n—oo €21 - (2mn) - n2n - 220

NG

After simplifying, we are only left with

vn-4dmn

L = lim
n—o00 2mn
2
= lim nym
n—oo 27N
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We can test our result with Mathematica. Unfortunately, Mathe-
matica is unable to predict a value due to the computational heav-
iness of the factorial. However, evaluating our sequence for n =
1,000, 000 gives us = .56419, so we can be confident in our result.

Example 7: Define the n' Fibonacci number as Fy, = Fj,_1 + Fy,_o
F
where F} = Fy = 1. Find lim —
n—oo n
Solution

We start by noting that through the definition of the Fibonacci se-
quence we have

Fn+1 Fn—l
n-+ n n Fn Fn
Define I
_ Ln+l
anp = F,
Then,
1
a, =1+
Gn—1

Taking the limit of both sides,

1
lim a, = lim (1 + )

n—00 n—oo Ap—1

Since both the limits of the RHS and LHS exist we can let lim,, o0 @y, =
T to get

1
r=1+ —
T

22—x—-1=0

Using the quadratic formula and eliminating the negative solution
we obtain that
Fn+1 - 1+ \/5 i

i
im F, 5

n—o0

¢
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Where ¢ denotes the famous golden ratio. To check our result, we
can use Mathematica’s built in Fibonacci sequence function:

In[4]:=  Limit[Fibonacci[n+1]/Fibonacci[n],n->Infinity]

1
Ougdl= 7 (1+/5)

1.2 The Derivative

The derivative of a function f(z), denoted by f’(z), gives us
the instantaneous rate of change at a point (z, f(x)) by using
the concept of a limit. This is done by measuring the "slope"
over an infinitesimal interval, i.e. [z, z + h].

fle+h)—f(x)
h

7' () = lim

Example 8: What is the derivative of the function f (z) = z",
where n is a constant?

Solution

Many have already memorized the power rule, but let us prove it
here. Using the definition of a derivative,

d (xR =2
& )= h
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We now recall the binomial theorem which states that
(x+a)" = Z (Z) v Fak

Therefore,

d D D S i A
o T @)=l h

By expanding this expression, we can see that the first term, =",
cancels out and we are left with

d nz" L h + n(ni,_l):E”_Qh2 +...
el -1 2!
1 @) = jm h

Which simplifies to

d _ 1 n1, n(n—=1) 5
ﬁf(a:)—’lzl_r}%nx —i—Tx h ...

Notice that the degree of h increases. As h — 0, all terms but the
first approach 0. Thus,

d o
= f (@) = na"!

1.2.1 Product Rule

Theorem

For two differentiable functions, the derivative of their prod-
uct can be stated as follows
d d d

auv = uav + vau
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1
Example 9: Find lim <:L:; — 2).
z—=0 \sin°x =
Solution

The easiest way to go about this problem is using Maclaurin se-
ries, however we will save that for later chapters. We will attempt a
more basic approach by factoring the above expression.

. T 1
z—0 \sin°z «
. 23 —sind

z—=0 \ z?sin’zx

Now we will attempt to convert this into a product of multiple lim-
its. It is easy to see that 23 —sin® z = (z—sinz) (2?42 sin z+sin? z).
Hence,

o 2 : 2
I — lim <x smx) lim <:c + zsinx + sin :1:>

z—0 sin3 € z—0 22

Both limits are % cases so we will proceed to apply L’Hopital’s rule.

L = lim

x—0

< 1—coszx > y (2:1:+Sinx—|—xcosx+2sinwcosx>
B ——, . lm

3sin? x cos z—0 2z

Applying the rule again to the first limit,

. sinx
L = lim - —3
z—0 \ 6sinx cos? z — 3sin’ x
2r +sinx + xcosx + 2sinx cosx
2z

- lim
x—0
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One last round to both limits!

. cos T
L = lim 3 -
z—0 \ 6cos® x — 21sin”“ x cosx

) (2 +2cosx — wsinx + 2(cos? x — sin? a:))
- lim

2

x—0

Now the limit is simplified to an easy plug-in. Our limit is there-
fore:

1 3_ 1
6~ 2
Evaluating our limit using Mathematica,

L=

Inf5]:=  Limit[x/Sin[x]~"3 - 1/x"2, x -> 0]

out[5]=

1.2.2 Quotient Rule

Theorem

Let f(z) = % where both h and g are differentiable and

h(z) # 0. The derivative of f(x) is then

g'(@)h(z) — h'(z)g(x)

&) =P

This rule can be found from the product rule by setting u = g(x)

and v = ﬁ However, it is helpful to know on its own.
)

Example 10: Find %tanx
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Solution

We know that

Applying the quotient rule,

(sinz) cosa — (cosz) sinz

t '=
(tan 7) cos? x

cos? z + sin’ x

cos?x
1
~ cos?x
We then have by the definition of sec z,

— tanz = sec’ x

dx

1.2.3 Chain Rule

Theorem

If g(x) is differentiable at = = a and f(z) is differentiable at
x = g(a), then the derivative of f(g(z)) at z = a is:

= f'(9(a)) - ¢'(a)

r=a

= flge))

After a basic review, we now can start delving into more advanced
derivatives. Let us get started with an interesting derivative!

Example 11: Find the derivative of f (z) = 2% at z = 1.
Solution

We will approach this problem using logarithmic differentiation. We
first set h (z) = 2 and then take the natural logarithm of both
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y
6
4
2
—_— “
0.5 1.0 1.5 2.0
Figure 1.7: Graph of y = 2*"
sides,

Inh(z)=zlnz

Differentiating both sides using the chain rule,

=Ilnz+1—h(z)=2"(Inz+1)

We can now return to our original function and take the natural
logarithm of both sides to get:

Inf(zx)=a2"Inz
Differentiating both sides,

f'(x)
f ()

d
= (%) Inz + 2" !

1
=" <+ln2x+lnx>
T
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Plugging in x = 1,

ff):1%f%n:1

Checking with Mathematica,

X
6= f[x_1:=x%
£/ 11]

outel= 1

™
Example 12: Evaluate d—x” atx=m
-:Uﬂ—

Solution

You might be wondering what a 7t derivative even is, or if it is
even valid mathematically! This notion of generalizing the deriva-
tive operator is the basis of an entire branch of mathematics, frac-
tional calculus. The first appearance of a fractional derivative

is in a letter written to I’Hopital by the German polymath Got-
tfried Wilhelm Leibniz in 16953. The theory and foundations of the
subject were introduced by the likes of the French mathematician
Joseph Liouville in the 19th century. In the late 19th century, the
electrical engineer Oliver Heaviside introduced their practical use in
electrical transmission line analysisﬂ

To solve this problem, let’s look at the function f (z) = . By the
power rule, we can deduce that the first derivative is

7' (z) = az*!

'Katugampola, Udita N. (15 October 2014). A New Approach To Gener-
alized Fractional Derivatives. Bulletin of Mathematical Analysis and Applica-
tions. 6 (4): 1-15. arXiv:1106.0965. Bibcode:2011arXiv1106.0965K.

2Bertram Ross (1977). The development of fractional calculus 1695-1900.
Historia Mathematica. 4: 75-89. doi:10.1016/0315-0860(77)90039-8
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Applying differentiation repeatedly gives us a pattern, namely that
the n'h derivative is

We can extend this definition using the Gamma function.

The Gamma function, usually denoted by I'(+), extends the
domain of the factorial function into C with the exception of
non-positive integers.

I'(n)=(n—-1)!
It is mainly defined by a convergent improper integral. How-

ever, the product definition due to Weirstrass is also used

e 77

00 00 =il
_ z—1 _—t _ < z/k
I‘(z)/o e tdt = . || <1+k) e/ (1.7)

“Davis, P. J. (1959). Leonhard Euler’s Integral: A Historical Profile
of the Gamma Function". American Mathematical Monthly. 66 (10):
849-869. doi:10.2307,/2309786. JSTOR 2309786
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The Euler-Mascheroni constant, usually denoted as -, is de-
fined as the limiting difference between the harmonic sum
and the natural logarithm:

k
1
= li —Ink — | = 0.577216 1.8
= Jim (ks 3 18)

k—o0

Note: The partial harmonic sum Zszl % is sometimes also
written as Hy (Harmonic numbers).

Since the argument of the Gamma function is shifted down by 1,
we can rewrite the n'® derivative as

" . T+ ..,

dzn’ T T (a—n+1)
After plugging in a = n = 7 we get:

d" 'r+1) ,
e T (1) x (m+1) ~ 7.188

Where we used Mathematica to obtain the numerical approxima-
tion. Unfortunately, Mathematica has no built in fractional deriva-
tive function to date.

Example 13: Let f(x) = # Find lim f'(x).
x + = Z—00

Solution
We will first find an expression for the derivative and then take the
limit. Notice that

x x

€Tr) = = =
f@) =y x+7x+:’% r+y
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Therefore,
zy + y2 =2

v 4oy —x=0

This is a quadratic equation in y. By the quadratic formula we ob-

tain:
—r+ Va2 + 4x
Y= 9
Since we know that y > 0 for all x > 0 we will ignore the negative
value. Hence,
—r 4+ Va? + 4z
y _=
2

To get our desired derivative expression we will differentiate to get:
dy 1 < 2 + 4 1)
dr 2 \2va22 + 4z

_1< T +2 1>
2 \Va? +4x

Taking the limit we obtain:

1 I r+2 1
=—lim [ ——— ) — =
2 z—o0 \ /22 4+ 4z 2

1 . T+ 2 1
=—lim | — | — =
2 z—00 (z+2)2—-4 2

We can see that the denominator tends to x + 2 as £ — o0o. Our
limit is then simply

| =

lim f'(z) =

T—r00
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Example 14: Find d2 ”’5 in terms of 4 d—z and

Solution
Define

g(z) = f~H(z)
With g(x) = y. Then by the basic properties of inverse functions
we have

flg(x)) =«

Differentiating both sides with respect to x and using the chain
rule,

Differentiating once again we get:

f(g(x))- g (2) = ————5

Expressing this in different notation,

2 d?y
dﬂj_ dCL’2

v

Example 15: Let a > 1 be a constant. What is the minimum
value of a where the curves f(z) = a”* and g(x) = log, = are tan-
gent?

Solution
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We know that f and g are inverses, which means they are reflec-
tions of each other on the line y = x. Therefore, if they were to be
tangent their derivatives have to be both 1. We then have a system
of equations

a”'Ina = =1 (1)
= log, 1 (2)

Where (x1, 1) is the point of intersection. (1) and (2) are true
since f/ = ¢ = 1 at (z1,21) and f = g at (21, 1), respectively.
Substituting (2) into (1) we obtain:

log,z1lna=1

Using base conversion,
Inz; =1

Il — €

Thus,

1.3 Exercise Problems

1) Prove the product rule using the limit definition of the deriva-
tive.
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2) Prove the chain rule using the limit definition of the derivative.

3) Prove the quotient rule using logarithmic differentiation (See
Example 11).

4) Find lim n'/™

n—o0

5) Evaluate lim z”
z—0t

6) Find lim z*" — 2®
z—0t

22 sin (i) +x
7) Evaluate lim

=0 Y14z —c¢

8) Let f/'(x) = f~1(x). If £(2019) = 2019, what is f”(2019)?

n (kk>
k!
9) Evaluate lim

k—o0 k

1/n

—
W
S 3
~—

10) Evaluate lim

. (2n> (Bonus question: Generalize it!)

2

11) Find lim

z—o00 20 + 1
squeeze theorem)

sin <7T> (Hint: See example 2 and use the
x
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Theorem

Let (a,b) be an interval such that z¢ € (a,b). Let g, f, and h
be functions defined on (a,b), except possibly at xp. Suppose
that for every x € (a,b) not equal to xp, we have:

9(z) < f(z) < h(z)
Also, suppose that

lim g(z) = lim h(z) =L

T—T0 T—TQ

Then




Chapter 2

Basic Integration

99
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In this chapter, we will explore and review basic integration tech-
niques such as u-substitution, integration by parts, partial fraction
decomposition, etc. We will try to apply these methods creatively
to a collection of elementary yet unique problems. With that in
mind, let’s get started!

Figure 2.1: The notation for the indefinite integral, / , was intro-

duced by Leibniz in 1675. He adapted it from an archaic form of
the letter s, standing for summa (Latin for "sum" or "total").

2.1 Riemann Integral

For a function f(z) that is continuous on the interval [a, b],
we can divide the interval into n subintervals, each with
length Az, and from each interval choose a point ;. The
definite integral is then

b n
[ #@) do= lim 3" flaaa
a k=1

This definition, provided by the German mathematician Bernhard
Riemann, expresses area as a combination of infinitely many vertically-
oriented rectangles, a technique known as Riemann sums. As the
rectangles get thinner (Az — 0), the total area of the rectangles
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approaches the value of the integral.

Perhaps the most advantageous aspect of the Riemann definition is
its easy visualization! Consider the graph of y = 2 in figure
We will begin by estimating the integral, or area under the curve.

0.8
0.6
0.4

0.2

0.2 0.4 0.6 0.8 1.0

Figure 2.2: Graph of y = 2% on z € [0,1]

Since it is a nonstandard shape, we will approximate it using stan-
dard shapes, namely rectangles. We will start our approximation
with two subintervals, or two rectangles.
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0.8}

0.67

0.4}

0.2}

0.0 0.2 0.4 0.6 08 1.0

Figure 2.3: Graph of the midpoint Riemann sums for y = 22 on

[0, 1] with only two subintervals

Note that this is a midpoint Riemann sum. Our thought experi-
ment here will work for any Riemann sum, since as the rectangles
get thinner and thinner, the difference between f(zy) of different
Riemann sums will approach 0.

Now, back to our thought experiment. We can see that there are
areas that our rectangles do not cover and some areas that our
rectangles add. To minimize these errors, we have to add more
rectangles! Let us now increase the number of subintervals from
2 to 10.

As one can see in figure 2.4] we now have a much better estimate
of integral, or the area under the curve. As we let the number of
subintervals approach oo (and consequently their width approach
0), this approximation will become an exact value for area!
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1.0 p

0.8

0.6

0.4

0.2

00 02 04 06 038 10 %

Figure 2.4: Graph of the midpoint Riemann sums for y = 22 on

[0, 1] with ten subintervals

However, the Riemann integral has its limitations, which are often
worked around by invoking the Lebesgue definition of integration.

2.2 Lebesgue Integral

The Lebesgue integral is another definition of the inte-

gral proposed in 1904 by the French mathematician Henri
Lebesgue. The formal definition of the Lebesgue integral
involves measure theory, which is beyond the scope of the
book. A helpful intuitive picture of the Lebesgue integral can
be given by thinking of the Lebesgue integral as taking the
areas of horizontal rectangles instead of the vertical rectan-
gles one encounters in the Riemann definition.
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In describing his method, Lebesgue saidﬂ

I have to pay a certain sum, which I have collected in my
pocket. I take the bills and coins out of my pocket and give
them to the creditor in the order I find them until I have
reached the total sum. This is the Riemann integral. But I
can proceed differently. After I have taken all the money out
of my pocket I order the bills and coins according to iden-
tical values and then I pay the several heaps one after the
other to the creditor. This is my integral.

In essence, the Lebesgue integral approximates the total area by
dividing it into horizontal strips instead of the vertical strips in the
Riemann definition. The Lebesgue integral asks "for each y-value,
how many z-values produce this value?"

The Lebesgue integral more or less became the "official" integral of
research mathematics. However, rarely do engineers and scientists
employ this definition. In most scenarios, the Riemann definition
suffices. A funny quote is given by the American electrical engineer
and computer scientist Richard Hamming who declared confidently

...for more than 40 years I have claimed that if whether an
airplane would fly or not depended on whether some function
that arose in its design was Lebesgue but not Riemann inte-
grable, then I would not fly in it. Would you? Does Nature
recognize the difference? I doubt it!

See footnote for the full articld?

!Gowers, T., Barrow-Green, J., Leader, I. (2008). The Princeton compan-
ion to mathematics. Princeton, NJ: Princeton University Press.

*Hamming, R. W. (1998). Mathematics on a Distant Planet. The American
Mathematical Monthly, 105(7), 640. doi: 10.2307/2589247
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2.3 The u-substitution

We start by introducing an extremely useful identity.

Proposition. Let f(x) be an integrable function. We then have

/abf(x)dx:/abf(a+b—:n)dx (2.1)

Proof. Let
b
I:/ f(z)dx

Also, let x = a+ b —t, de = —dt. This then transforms I into:

.r:/b Fla+b—1t)(—dt)

:/bf(a—i-b—t)dt

Rewriting using x,

I—/bf(a—i—b—x)dw
O

This formula is akin to "integrating backwards." It will be used ex-
tensively throughout this book, and is especially useful for trigono-
metric integrals. To start the chapter off, we will begin with an ele-

gant result involving (2.1]).

rsinz

Example 1: Evaluate / — 5 dx
o 14 cos®x
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y
15
1.0
0.5

V- x
0.5 1.0 1.5 2.0 25 3.0
Figure 2.5: Graph of y = 112‘%

Solution
Using (12.1) gives:

- [ [5me

Adding our original integral with the transformed integral above,

21:/0“[ wsinz +(7T—;v)sin(7r—3:)]dx

1+ cos?x 1+ cos? (m — x)
I:l/w rsinx (m —x)sin (7 — x) da
2 Jo |14+ cos’x 1+ cos? (m —x)

We can simplify by using the identities sin (7 — x) = sin z,



2.3. THE U-SUBSTITUTION 67

cos? (m — ) = cos® x:

1 [7 i
71 / msinx da
2 Jo |1+ cos?x
We now proceed to make the u-substitution © = cosz,du = —sinx dz
T /_1 —du T . ! 2
— = |- arctanu = —
2 /), 1+u? 2 _1 4

Evaluating our integral with Mathematica,

/’” x Sin[x]
In[7]:= ———pdx
0 1+Cos[x]

3

out[7l=  —

™

Example 2: Evaluate /2 In (sinx)dz
0

Solution
We will use a unique approach to this problem utilizing our reflec-
tion identity, (2.1).

3 T bl
I= / In | sin < - :U) dzr = / In (cosz) dz
0 2 0

Adding our original and transformed integral,

21 = /2 In (sinz) d:c+/2 In (cosx) dx
0 0
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05 1.5

-0.5

-1.0

-1.5

-2.0

-2.5

-3.0

Figure 2.6: Graph of y = In (sinx)

= /2 In (coszsinz) dz
0

Using 2sinx cosz = sin (2z), we have:

s 9 . z
2[:/2 In <Cos:2681n:c) dx:/2 In (sin2z) — In2 dx
0 0

™

= /2 In (sin 2z) dz —
0

We proceed to make the u-substitution v = 2x , do = %“ which
transforms the above expression to:

min?2

1 /7 In 2
2]22/0 ln(sinu)du—wgl

The period of sin 2z is 27“ = 7 from which we can deduce that:

1 s
2/ In (sinu) du = /2 In (sinu) du
0

0
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Therefore,

us

21 = /2 In (sinu) du —
0

1

min?2
2

mln2

== 2] =1-
2

™

In2
/2 In(sinzx) do = _ra
0 2

Mathrmatica gives the same answer,

T

In[8]:= / 2 LoglSin[x11dx
0

1
out[8]= 5 7 Log[2]

rsinz

Example 3: Evaluate / ——dx
0 (cos?z+1)

Solution

Using (2.1)),

[T (m—x)sin(7 — ) .
I_/O (COSQ(W—$)+1)2d

_ [ _msin(@) [T asin(@)
/0 (COSQ(x)—i-l)Qd /0 (0032(35)"‘1)2(1
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y

1.5
1.0
0.5

> X
0.5 1.0 1.5 2.0 25 3.0
Figure 2.7: Graph of y = —£sinz
(cos2 z+1)
We apply the intuitive u-substitution u = cosz , du = —sinz dzx

In doing so we get:

77/1 du
I'=7 T2
2/ (u?+1)

Substituting again with u = tanz, du = sec?(x) dz gives
z 2
m [1 sec®x
I=— ————dx

2 /_ (sec? x)?
_

=— cos“z dz
o/

9 1+ cos 2z
cos" T = ————

(/ dot [ costza )

Using

Then gives:

us _T
4 4
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Which can be easily evaluated to

™ (T
I=2(Z+41
1(G+)

T
=242
8 1

Let’s see what Mathematica gives,

/'” xSin [x]
In[9]:= ———5dx
0 (1+Cos[x]12)

1
Out[9]= s m (2+m)

Which, if expanded, equals ”—82 + 7

1
Example 4: Evaluate / In (T'(z))dx
0

Solution

It is worth noting that this result is due to the well-known Swiss
polymath Leonhard Euler. We start our solution by using ([2.1)),

1 1
I:/O ln(F(m))dzL‘:/o In (T(1 —z))dx

We will now introduce Euler’s reflection formula:
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0.2 0.4 0.6 0.8 1.0

Figure 2.8: Graph of the y = InT'(z)

The infamous Euler’s reflection formula is given by:

I'(x)['(1 —z) = mcscmx (2.3)

Where x ¢ Z. See (9.3)) for proof.

Taking the natural logarithm of both sides in ({2.3]) gives
Inl(z) + InT'(1 —z) =Inm + Incsc (mz) = In7 — Insin (7x)

Therefore,

1 1
2] = /0 In (T'(z)) +In (I'(1 — 2)) dz = /0 In7m — Insin (7z) dz

1 1
21 = / In7 dz —/ Insin (7x) dx
0 0
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We proceed to substitute 4 = mx, du = wdx to get:

1 s
2l =lnmw — / In sin (u)du
T Jo

73

It is easy to see that In (sinw) is symmetric around u = 7. Using

this symmetry, we can write

/ Insin (u) du = 2/2 Insin (u) du
0

0

We have already evaluated the latter integral in (2.2). Hence,

2l =Inm — g . —min2
T 2
=lnnm+1In2

Finally we obtain

! In 27
/0 In (T'(z))dz = 5

Evaluating with Mathematica,
1
In[10]:= / Log[Gamma[x]]dx
0

1
Out[10]= 5 Logl[2 7]

o 1 o0
Example 5: Define 1 = /0 T $13da: and Iy = /0

I
. Find I%

Solution

13 + 213

1
dx
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y
1.08
0.8
0.6
0.4
0.2
1 2 3 3 5 X
Figure 2.9: Graph of the integrands in I; and I
Since
oo 1
/ e dr = —
0 a
We can write I7 as a double integral.
fe’e) (1+
I = e v+ qy d
' /0 I+ e / / v
Let t = yx'3, dt = 1322y dw, which then transforms I; into:
1 o0 o
L =— et dt / e_yy_%dy (2.5)

We now will use the same substitution on I5. In doing so we ob-

tain:
12_/ / e V) gy 4

—t —13
t~ 1 dt Yy~ 13 d
13 /0 e y 13dy
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Notice that the only difference is the coefficient of y in the expo-
nential. To get our desired ratio without directly evaluating these
integrals, we will change the coefficient of y in Is through the u-
substitution v = 13y, du = 13dy.

1
1 oo 12 o0 w\ 13
ILh=—— “t1Ede L d
2 13-13/0 e /0 ¢ (13) "
L o D
= 1313 1/ e_tt_igdt/ e_“u_l%du
13 \13 J, 0

The expression in parentheses is identical to (2.5). Thus,

L=13"16] = %c:nr%
1

=

We can see if Mathematica can generate an exact value,

=t
— 5 aX
0 13+x13

[
— s aX
0 1+x13

1
1312/13

In[11]:=

out[11]=

11ln (cos (%))
Example 6: Evaluate / ——dz

0 2?2+

Solution
We will split the integrand using partial fractions since
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y
0.2 04 06 0.8 1.0%
05
-1.0
15
()

Figure 2.10: Graph of y =

2tz
2 +x=(x)(z+1)

,',I:/l lncos(%) da:—/l lncos(%) e
0 0

x r+1

Using the trigonometric identity 2sinx cosx = sin 2z we can derive
that cos (%) = === (m2) _ Thus,

- QSin(%)
In si.n(7r7:chz) > T
I/1<281n(2)dx/11ncos(2)dx
0 X 0 $+1

By the reflection property of integration,

X

]:/1111(“%@_/11‘1(“(’?))@_/%%@
0 0 0

T T r+1
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We will proceed to substitute v = —z , du = —dx in (2)

I_/Ol In (242 dx_/o In (cos (%)) du_/ol In (cos (%)) ;

x -1 u+1 z+1

~~

(1 (2 ®3)

Same integrand

Combining (2) and (3) we obtain

I:/lmdx/lm(m(’?%x
0

x 1 z+1
(1) (2*)

Now, we substitute u =1+ 2 , du = dx into (2%)

I:/lmdx_/Qm@“leu
0 0

T U

Now, since our integrands are not defined at 0, we need to take the
limit as the lower bound approaches 0. Notice that if we were at-
tempting to evaluate the indefinite integral, this step would not

be needed at this time. However, it is not possible to derive the
above indefinite integrals (anti-derivatives) in standard mathemati-
cal functions, so we have to go with the definite integral route.

sin (7x)

[ = lim /}le(”dx_/;m(sm(gv))dx

h—0 x T
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7T1‘

o /1<<>>d_/1< d_/ 2
h €T h

(1) (2%)

dzx

Substituting again into (2*) with u = § , du = 5

I = lim
h—0

UIn (sin (7z)) . Un (sin (7w)) ot n2 1
/h ——=d / EE— du+1In2lnh

x h
2

-~

(1) (2%)

Combining (1) and (2*) we obtain:

L [_ /h In (sin (7z)) ]
I = lim ——— = dx+In2lnh
h—0 h T

Asx — 0, sinx = z. Since h — 0, we can use this in the above

integral to get

h—0 T

h h
= lim [—/ In (z / 7 . +1n21nh]
h—0

Our first integral above can be calculated using

1 2
/ Iz, _ )
Therefore,

|1 2 A% h
I_flzli% —3 [(lnh) - (1112) ] - [lnw <lnh—ln2)

h
I = lim [_ﬁ I (72) 4. +ln2lnh]

+In2lnh
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= lim [—; (lnh—kan) <lnh—lng> +In2lnh —In7ln2

Where in the last line we used the identity a® — b? = (a + b)(a — b).
Continuing with our solution,

I =

1 (. h?
lim |—= <1n> (In2)+In2lnh —In7in2
h—0 2 2

1
= lim [— (2lnh—In2)(In2) +In2lnh —Inwln?2
h—0 | 2

The terms containing A will cancel out so we are only left with:

In?2
I:%—IDQIDW

Oh well, that was a lot of work! To be confident in our result, we
can check with Mathematica. Unfortunately, Mathematica only
provides a numerical answer. However, we can check the difference
between our value above and Mathematica’s numerical approxima-
tion,

1Log[Cos[ T
In[12]:= N[/ 5 2 dx]
0 5 X“+x
Log[2]
-(gT_Log[ 71 Logl[2])
Out[12]= -8.881784197001252%10"-16

Here, N|-] denotes Mathematica’s numerical value function.
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1
rzlnzx
Example 7: Evaluate / —dz
P 0o V1—ax2
y
0%
0.2 0.4 0.6 0.8 1§0
-0.1
-0.2
-0.3
-0.4
Figure 2.11: Graph of y = fll—f%

Solution
Let v = v1 — 22, du = ——2—=dz. Our integral is then

V1-a?

0
I:—/ln\/l—u2du
1
1/t )
:§/OID<1—u)du

We can split I into two integrals using basic logarithm rules,

1 /1
I:§/ In(14+u)+In(l—u)du
0
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/Olln(1+u) du—i—/olln(l—u) du]

[ = o]} - futnu—a]]

N | —

Since limy,_oulnu = 0,

—In2-1 (2.6)

/1 zlnx 2In2 -2
" —_——dp = ——
1—x2 2

Checking with Mathematica,

1
L
In[13]:= / e el oglx] dx
0

1—x2

out13]=  -1+Log[2]

We saw how u-substitutions can make seemingly hard integrals sim-
ple. In the next section, we will see some other elementary ways to
solve integrals.
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2.4 Other Problems

Theorem

Integration by parts, also known as IBP, is one of the most
common integration techniques. It is derived from the prod-
uct rule,

(uwv) = v'v+v'u

And is its analogue in integration. The rule states that

Judv=uwo- [vau 27)

For two continuous and differentiable functions u and v.

For definite integrals, we have

b b
/udvz[uv]g/ v du

This result can be extended to three functions, u, v, w:

b b b b
/uvdw = [uvw} / uwdv/ vw du

This technique was first discovered by the English mathematician
Brook Taylor, who also discovered Taylor serieeE|.

Proof. Consider the statement of the product rule:

(uv)’ = u'v +v'u

3TAYLOR, B. (1715). Methodus Incrementorum directa et inversa. Londini:
Apud Gul. Innys.
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Define u = u(x) and v = v(x), i.e. u,v are functions of x. Integrat-
ing both sides with respect to z,

/(uv)/:/u’v—i—v’u
uv:/ulv—i—/v’u

Rearranging this formula gives:

/UIUIUU/UIU

Expressing this in Leibniz notation,

/udvzuv—/vdu

This can be easily applied to definite integrals

b b
/udvz[uv]Z/ v du

By the first fundamental theorem of calculus. O

Now, let’s apply our skills!

o)
Example 8: Find / arcsine” * dx
0

Solution

Sometimes it is more convenient to do a substitution in terms of
functions on both sides. In essence, the substitution form is:
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1.0

0.5

X

1 2 3 4 5

T

Figure 2.12: Graph of y = arcsine™

f(u) =g(x)

Instead of u = f~! (g(z)). Also, the introduction of another vari-
able, namely u, is not necessary. One can do a direct substitu-

tion in the same variable. In this case, we would like to substi-
tute e — sinz. For the sake of ease, we can also write this as

e ¥ =sinu, e *dr = —cosu du = dx = — cotu du and obtain
that we need to substitute dr — — cot z dz. As one gains more
practice with such procedures, it will become almost second nature!

™

I:/Qxcotmdx
0

Using integration by parts with v = x,du = do and dv = cotz dz,v =
Insin z leads us to

us

I= [xlnsinm]og —/2 Insinz dz
0
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I="1n2
2

See ([2.2) for the evaluation of the integral. We can check Mathe-
matica to verify our solution,

00
In[14]:= / ArcSin[e *]dx
0

1
Out[14]= 5 m Logl[2]

Example 9: Find / sin(2019z) sin®7 ¢ dz

Solution
We will show that for any n,

sin ! asin((n — 1)z)

+C

]— _ . . n—2 d —
n /sm(nx) sin""“z dx —

We will start by splitting up n inton — 1 and 1

I, = /sin((n — 1)z + ) sin" ?z dz

By using the fact that
sin(a + ) = sinacos B + sin f cos «
We obtain:

I, = /sin((n — 1):1:) cos(z) sin™ 2 z+sin x cos((n — 1)33) sin" 2 2 du
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= /sin((n — 1)) cos(z) sin ? z + cos((n — 1)z) sin" ' z dz

We proceed to multiply by Z—j to get

I, = ! . /sin((n - 1)z) ((n — 1) cos(z) sin" 2 a:)

+ (n—1)cos((n — 1)z)sin" 'z dz

Notice that

!/
(sin”_1 :U) = (n —1)cos(z)sin" 2z

And )
(sin((n - 1):1:)) = (n—1)cos((n — 1)z)
Therefore,
I, = - i . /sin((n — 1)) (sin" " a;)’—i—(sin((n — 1)x)>,sin”*1 x dzx

/
The integrand is simply (sin”_1 xsin((n — 1)x)) by the product

rule. Therefore,

I, = - i . / (Sin((n —1)z) sin* x>/ dz
_ sin((n — 1)z) sin" 'z Lc

n—1

We can now plug in our desired value, n = 2019
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0.8

0.6

0.4

0.2

05 1.0 1.5

Figure 2.13: Graph of the y = V/sin” x + cos™ x for n = 1000

[ sin(2018z) sin?01®
2019 = 2018

+C

Mathematica gives

In[15]:= /Sin[2019 ] Sin[x]120174x

Sin[x]12918 sin[2018 x]
2018

Out[15]=

%
Example 10: Find lim Vsin" x + cos™ x dx

n—oo 0

87

X
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Solution
Let

A= lim Vsin"z 4+ cos®z = lim (cos z v 1+ tan™ x)

n—oo n—oo

Where we factored out cos™ x in the last step. Also, let

B = lim V14 tan"x

n—oo

e B Jim RO Ftan")

n—oo n

Notice that when z € [0, %) ,tanz € [0,1). Hence, when z € [0, F),
we know that InB = 0 and B = 1 since asn — oo, tan"x = 0.
On the other hand, when = € [” ”) ,tanz € [1,00). We can then

42
deduce that B = Vtan™ x = tanz. Our integrand is then simply
coS T xe |0,T
Bcoszx = { ) ’ [W’ ‘;)
cosrtanx =sinx ,x € [1,5)

Even though tan z diverges at z = 7, we can see that

lim A= lim Bcecosz =1

Therefore,

s
2
lim Vsin™ x + cos™ x dx

n—o0 0

s s

1 2
:/ cos T dx+/ sinx dx

0 jus

4

us
1
0

INEISIE]

= [sinz]} — [cosx]
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=V2

For n = 1000, Mathematica gives ~ 1.414.

dx for n > 1.

o0
Example 11: Find an expression for /
0 14 an

y
0.30

0.25
0.20
0.15
0.10

0.05

2 4 6 8 10

Figure 2.14: Graph of y = forn=2,3,---,7

T

Solution

We will express this integral as a double integral similar to what we
did in (2.5)). In doing so we obtain:

I—/ / vd+2") 4 dy

Then we substitute v = yz™ , du = nz" 'y dz . Therefore, our
double integral expressed as a product of two integrals is

oo o0 n 1 oo 1 o0 1
:/ / e Ve ¥ dx dy = —/ eyyndy/ un e Udu
o Jo nJo 0
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Notice that the first integral is simply I (1 — %) and the second

integral is ' % . Here, I" denotes the Gamma function as usual
(See (1.7))). Using Euler’s reflection formula, (2.3)), we can write

this as -
1
/ dz = Zesc <W> (2.8)
o Ll4zm n n

Checking with Mathematica,

S|
In[16]:= ——dx
n[16] /o [0

T
m Csc[—]
Out[16]=  ConditionalExpression[——2— Re[n]>1]
n

) 0 Ina? .
Example 12: Evaluate the integral / — 5 dz where a is a
0 X a
constant.
Solution

We begin by substituting z = o , do = —25du

oo 2 _
I(a) = 2/ a (21n4a Inu) du
0 2 (% + a2>

:2/"021n2a—1;1udu
0 a“+u

>~ d > 1
0 a“+u 0 a“+u

I(a)
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Therefore,
du

a? + u?

21(a) = 4lna/
0

The substitution © = atany , du = asec’y dy gives:

jus 2 21 s
I(a):2lna/2 5 asee ¥ dy = na/2dy
0o a ( 0

tan?y + 1) a
wlna
— I(a) =
a

Here, Mathematica returns the same result.

00 2
L
— / Loglx~] .

0 x%+a?
\/g 4x22+1
Example 13: Find/ Vol gy
1 x
Solution
Let u =4/ 4ﬁ2f11 . Therefore,
o 4z +1
u =
2 —1
4@ -1)+5
o z2—1
)
— u’—4=

2 -1

We now need to obtain an expression for dz in terms of w only.

With some algebraic manipulation we obtain:

91
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0.5 1.0 1.5

42241
221

x

Figure 2.15: Graph of y =

u? —4 * wr—a 7
22 = Zz fi (2.9)
Differentiating both sides,
2z dz = (ugl—[ﬁ)?du (2.10)

Now we proceed to find %””. We start by writing

dx 2z
e |
z 272"
Plugging in our results from (2.9)) and (2.10)),
dz —10u u? —4

r (@ —42 " 2w 1)
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—5u
T W — 42+ 1)d“

Therefore,

[e'e) 5u2
I = d
/\/5 W -2 +1)"

Using the method of partial fractions we obtain:

x4 1
I:/ 3 +— du
Vi ut—4 ut+1
/°°< 1 1 ) 00
= — du + [arctanu}
Vi \u—2 u+2 NG
1 u—2 OO
= |In
u—+ 2

V5
<§;§> —|—E —arctan\f

I=2In (24—\/5) +g—arctan\f5

Let’s see what Mathematica gives,

+ g — arctan \/5

Simplifying,

4%2+1

/\/é x2—1
In[18]:= —= "= dx
1 b'e

i 1
Out[18]= 2 ArcSinh[2]+ArcTan[——]

V5

Which are equivalent since

sinh_llen( :):2—|-1—|—m)
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And

™ _
arctanx = 5 — arctanz !

1 arcsin (%)
Example 14: Evaluate / ———%dz

0 1+£172

0.8 e —

0.6

0.4

0.2

0.2 0.4 0.6 0.8 1.0

. 2x
arcsin
( 1432 )

Figure 2.16: Graph of y = 1722

Solution

In general, a 1 + 22 term in the denominator is a tell-tale sign that
the substitution x = tanwu will work, so we begin by letting x =
tanu , do = sec?u du. Our integral is then transformed to

-sec®u du

P : 2tanu
= arcsin (HtanQ u)
I =

0

1+ tan?u
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1 2t
I:/ arcsin Lﬁ du
0 1+ tan“u

We proceed to apply the trigonometric identity:

2tan g 19 2tanu
— = = sin2u=-———
1+ tan® ¥ 1+ tanZu

Which gives

jus

I= /4 arcsin (sin 2u) du
0

On the interval [0, 7], arcsin (sin 2u) = 2u. Therefore,

us

1
I:/ 2u du
0

2

T 16

Mathematica also gives this value as well

(2.11)

. 2 x
1ArcSin[—]
In[19]:= /%J“xdx
0 1+x
7_‘_2
outf19l=  —
16

We can end this chapter with an interesting formula
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Theorem

Let f(z) be an even Riemann-integrable function on [—a, o]
and ¢g(z) an odd Riemann-integrable function on [—a;, o],
where o € R. We then have:

¢ f@
/a Il—i—lﬂ(x)dm_/o f(z)dz (2.12)

For any b € R™.

Proof. Notice that we can write (2.12)) as:

“ flz) Y f@) )]
/aHbg(:c)d’“’/aHbg(:c) dx*/o @
—_—

—_———
I 12

The substitution u = —z, du = —dx in I gives:

S
o 1+b9(-w)

Using the fact that f(u) is even and g(u) is odd, we have

Y fluw)
11/0 T ot

po(w)

Multiplying by ¥IOR

* f(u)pr™
———du
o 14+bsw

Hence,
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A NPT
/a 1—|—b9($)d$_11+12

[ fw)b™ / f(=)
= ; 1+bg(u)du+ ; 1+bg(x)dx

Tpotn

:/Oaf(u) du

:/Oaf(x) dz

e
0

™ £ 2
Example 15: Evaluate / Smiidx
1 +e”

Solution

Notice that we can use (2.12)) since f(z) = sin®z is an even func-
tion on [—7, 7] and g(x) = 22 is an odd function on [, 7). We
then have:

I:/ﬂ si]r12:U3dm
_rl+e”

iy
:/ sin? zdz
0

T
= f[x —sinxcosx}
2 0

T
2
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0.8

0.6

0.4

0.2

-3 -2 -1 1 2 3

Figure 2.17: Graph of y = f’i‘%

Verifying with Mathematica,

T Sin[x] 2
In[20]:= —de

Out[20]=

And here we see the beauty of generalization!

In the first two chapters we saw how our elementary calculus tools
can solve a plethora of problems through creative application of
these tools. In nonstandard mathematical problems such as the
ones presented in this book, expanding one’s mathematical toolkit
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is of tremendous help. However, the mastery of one’s toolkit will
lead to far more ingenious and creative solutions! In the proceeding
chapters, we will explore and master additional tools to add to your
toolkit.

2.5 Exercise Problems

= dz : 3 2
1) Evaluate ( (Hint: v>+1=(v*—u+1)(u+1))
0

1+z)?+1

1
2) Evaluate/ ——dz
0

2 Vi
3) Find / ’ . - ane dx
o sinz(sinx 4 cosx)

V3
1 (1+22)

™
5) Evaluate / V1 —sinz dx
0

w/2 d
6) Evaluate / 14—‘5% (Hint: 2019 is a distractor)
0 an?'t g

) e Inz ) 4
7) Find /(; mdx (Hlnt: Let u = E)
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2™ 3 — cosx

8) Find / dx (Hint: Use the substitution u = tan §. See

@11))

3+ cosz

1 x4(1 _ $)4

5 —dz (Source:

9) Show that % > 7 using the integral /0 Tz

1968 Putnam competition)

™

10) Define I(a) = /4 e’tan®z dz. Find lim al(a)

0 a— 00



Chapter 3

Feynman’s Trick

101
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3.1 Introduction

A straightforward but extremely effective technique, differentiation
under the integral sign is simply a clever use of Leibniz’s integral
rule. In mathematical pop culture, it is often labeled as "Feyn-
man’s trick" after the late American physicist Richard Feynman
(1918-1988). Feynman said this in discussing his "trick":

One thing I never did learn was contour integration. I had
learned to do integrals by various methods shown in a book
that my high school physics teacher Mr. Bader had given
me. The book also showed how to differentiate parameters
under the integral sign - It’s a certain operation. It turns out
that’s not taught very much in the universities; they don’t
emphasize it. But I caught on how to use that method, and I
used that one damn tool again and again. So because I was
self-taught using that book, I had peculiar methods of doing
integrals. The result was that, when guys at MIT or
Princeton had trouble doing a certain integral, it was
because they couldn’t do it with the standard methods they
had learned in school. If it was contour integration, they
would have found it; if it was a simple series expansion, they
would have found it. Then I come along and try
differentiating under the integral sign, and often it worked.
So I got a great reputation for doing integrals, only because
my box of tools was different from everybody else’s, and they
had tried all their tools on it before giving the problem to
me.

The last sentence perhaps best summarizes not only the purpose of
this chapter but the entire book as well. Often in engineering and
the mathematical sciences, peculiar and nonstandard integrals arise.
And unfortunately, few resources are available for solving such inte-
grals! The goal of this book is to provide the reader with a plethora
of techniques and methods to go about such problems. So, with
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that in mind, let us get started!

Theorem

Let f(z,a) be a differentiable function in o with % f contin-
uous. Then the following equality holds:

d [? e,
da/a f(z, ) d:I;:/a P (z,a) dz

See footnote for a rigorous justification of the above theorerrﬂ

3.2 Direct Approach

In this method, an integral f(«) is defined with the parameter «
such that when the integral is differentiated, a standard integral
is found. After deriving a closed form for f’(«), one integrates the
closed form and obtains an expression for f(«), of course with a
+C' at the end.

After an expression is derived for f(a), an initial is needed to de-
termine the added constant ”C”. In most integrals, « = 0 or a =
oo is easy or even trivial to compute and therefore chosen as an ini-
tial condition.

Now, what does this look like? Let us take a look at a well-known
example.

* sin?
5—dz
0 X
Hijab, O. Introduction to Calculus and Classical Analysis. New York:
Springer-Verlag, p. 189, 1997.

Example 1: Find the value of
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y
1.0
0.8
0.6
0.4
0.2
A
2 4 6 8 70 ¢
Figure 3.1: Graph of y = Sl?g#
Solution
. ) dl’
We first use IBP with v = sin“x and dv = —-
T

00 12 2 o0 o) :
sin® x sin® x 2sinxcosx
I = 3 dex = [— + —dx
0 X e 0 0 xT

_0+/°°sin2$dx
0

T

Substituting 2z — =,

I:/Oo sinxdx
0 xT

This is the famous Dirichlet integral, named after the German
mathematician Peter Dirichlet. Now, consider an integral of the
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form

Where o« > 0. Our original integral is I = f(0). Differentiating
under the integral sign,

[ee]
(o) = / e “sinx dx
0
_ 1
1+ a?

Where we used IBP to get our last result. We can now integrate to
get an expression for f(a),

1
fla) = —/Wda = —arctana + C

We know that
. T
ah_}ngof(a)—O == 0—5
Hence

fla) = g — arctan o

Plugging in our desired value,

F0) =3

This example serves as a perfect example of thinking outside the
box!

o xln (%)
Example 2: Evaluate / — 5 dx
0 1 + T
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1.0
0.8
0.6
0.4

0.2
6

10

2
3
om( )

1423

Figure 3.2: Graph of y =

Solution

Let

o rln ("”P;;a)d
x

fo)= [ "
0o T <ln (23 4+ a) — lnx3) "

:/0 14 23

Differentiating under the integral sign,

)(1+x3)dw

flo) = /000 (23 +

gives

The substitution v = 23, dz = —;
3us
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o :1 & du
Fe) 3/0 w3 (o 4 u) (1 + u)

Using the method of partial fractions,

ooy 1 o0 du [ du
f(a)_304—3[/0 u%(l—ku) /0 u%(oz—i-u)

We can use the fact that

(3.1)

/°° du 27
0 u%(u+a) aiv/3

The proof is left as an exercise to the reader (Hint: Make the sub-

stitution y = u3 and then use the method of partial fractions).
Plugging in that result into (3.1)) gives:

, _ 2r 2w
g <“>—3a—3[¢§ ﬁ]

Simplifying algebraically,

foo\ 2w 1
fle)= 3\/§ (aé-l-ag-i—a) (3.2>

Since f(0) = 0, we can take the definite integral of (3.2]) from 0 to 1
to get our desired integral, f(1).

1
f(1) = /O f'() da

B 2 1 do
3V3Jo as +a3 +a
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27 1 da
3v3.Jo as (a§+a§+1>

The substitution u = oz%, da = 3u? du yields:

or (! U
N="+H [ ——

2 /1 2u+1 du_/l du
V3o 2w Fut1) o 2(u?+u+1)

Both integrals can be easily evaluated (The first by the substitution
y=u?+u+1, dy = (2u + 1) du and the second by completing the
square). Therefore,

2 [In3  7V3
f(l):ﬁlz_m]
_7r\/§ln3 72
-3 9

2 In(1+ asinz)

Example 3: Evaluate / dz for|a| < 1.

sinx

[ME]

Solution
Define

sin x

fla) = /_’5 ln(l—i—asinx)dx

s
2

We then have
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0.7

0.6

0.4

0.3

0.2

0.1

~15 ~1.0 —05 05 1.0 15 X

Figure 3.3: Case when oo = .5

NIE]

1

1+ asinz

fl=[

A standard substitution here is the half angle tangent substitu-

tion, u = tan (%) , dox = U%Hdu. This lets us express sinx as

s
2

2u

sin(z) = T

Thus,

1
2
!/
= - d
fe) /_1u2+2au+1 “

! du
N /1 (V1—a?)2+ (u+«a)?
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This integral is in the form:

2t d a7\

b

a

Therefore,

reoN ! du
fle) = /1 (V1—a?)?+ (u+ «)?

2 arcta U+ o
= | ———arctan [ —
V1 —a? V1 —a?

-1

After a tedious round of algebra and simplification, we obtain:

Thus,

Notice that

Therefore,
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jus 1 1 .
fla) = /2 de = marcsin«
z sinx
*° In(1 )
Example 4: Find dx for a > 1.
Y
1.2 et 1.0 T3
-5
-10
-15
Figure 3.4: Graph of y = M for a =2
Solution
Let

)= [

111
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Substituting y = Inz, dy = 92,

T

flo)= | T Dy

ey

We used a+1 instead of o to make the aforementioned substitution
much cleaner. This is one of many examples where the parame-

ter choice is not immediately obvious, and some vision is required.
Now, we can differentiate under the integral sign to get

fl(a) = —/ ye Y Iny dy
0

By applying IBP with u = —yIny, dv = e~ *¥dy we get:

ylnye Y o
o

(o) = [ — / e YIny + e Ydy
« 0

We first need to evaluate the first expression:

ylnye Y = . ylny . Iny
B=|——| = lim — lim | —
a y—oo | ey y—0 | & yo‘
This is an 22 case in both limits, so we can apply L’Hopital’s rule:

1

1 1 by
B = lim n12;+ —1i %
y—oo ey y—0 & yeo‘yz—ae"‘y
Yy
. lny+1 Yy
= lim lim

y—oo aZe®  y—0 alye — ae®

The latter limit can be easily evaluated to equal 0, but the first
limit needs one more round of L’Hopital’s rule as it is still a 3 sit-
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uation:
1
B = lim —
y—oo o’ ey
. 1
= lim S
y—oo a@yey
Therefore,

1 o0
f(a)=0-— o / e Yiny + e *dy
0

1 oo oo
=—— (/ e “Yiny dy +/ e dy>
@ \Jo 0

The first integral is simply f(«) and the latter integral is a stan-
dard integral. We then get the differential equation

floy=-T =

a a?

We can rearrange the above differential equation and multiply both
sides by « to obtain:

af'(0) + fla) =+

Integrating both sides,
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Since -

fla) = / e “Iny dy

0
A standard value would be f(1) = —v. Thus,
Ina +
Jlo) = —=
«
/ ln(lnw)d$ ~ fla—1) = (e —1)+~
1 T a—1

o
Example 5: Evaluate / e’ cos(bz) dx
0

y
1.0
0.5
1 —2 3 4
-0.5

Figure 3.5: Graph of y = e~ cos(5x)

Solution
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Define a function:

oo
fla) = / e cos(azx) dz
0
Differentiating under the integral sign,
> 2
(o) = —/ xe ¥ sin(ax) dz
0

We can now use IBP with u = sin(az), dv = ze~*" dx to obtain:

We can now transition to using Leibniz notation to make solving
this a little easier to digest.

df «
o~ 2!

d
Multiplying both sides by 704,
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2
(6
Sdn f 4+C’

Exponentiating both sides,

fla) = ece_aT2

The case when a = 0 is half of the famous Gaussian integral:

1 o0 (e 9]
—_ / e_xQ daj = / 6—372 dl‘ g ﬁ
2 0 2

—0o0

See for proof. This integral is core to many disciplines due to
its applications in statistics.

VT a2

= f(a) = 5

To get our desired integral, we evaluate f(5) to get:

_ T arctan(4sin(2z))
Example 6: Find - dz
0 sin(2x)

Solution

The substitution v = 2z, du = 2 dz gives
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y
4
3
2
1
02 0.4 06 0§

Figure 3.6: Graph of the y = STem)

I 1/3 arctag(4 sin u) du
2 Jo sin u

Now, define a function:

sinu

fla) = /Og arctan(asin u) du

Differentiating under the integral sign,

f’(a)—/g ——du
Jo 1+a2sin’u

2

U
to get:

s
We can multiply by —
sec? u

arctan (4 sin(2z))
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2

, 2 sec” u
o) = du
) /0 sec2u + a2 tan?u

Using the fact that sec?u = 1 + tan® u we can write:

T 2
, P sec” u
o) = du
fe) /0 tan?u + 1+ o2 tan?u

5 2

/2 sec” u d
= U
o (a?+1)tan?u—+1

2

1 2 sec” u
) 2 —du
« +1 0 tan 'U,+a27+1

The substitution y = tanu, dy = sec? u du then gives:

1 & dy
oo [T
a? +1 0 y2 + a21+1

Which is a standard integral that evaluates to

Integrating both sides,

/f'(a) da:/w(;ﬁda

= gsinh_la—FC

:gln<a+ a2+1)+c
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Using f(0) = 0 lets us determine the value of C'. Hence,

f(a):gln(a-i— a2+1)
.'.I:%f(4):%1n<4+\/1_7)

sinz siny sin(x + y)
zy(z +y)

Example 7: Evaluate / / dz dy
o Jo

Figure 3.7: Three-dimensional plot of integrand

Solution
Recall that
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Figure 3.8: Contour plot of integrand

sin(z + y) = sinz cosy + cos xsiny

Thus,

I /00 /°° (sinz cosy + cos x siny) Sinxsinydx dy
o Jo zy(z +vy)

By symmetry,

I:2/°°/°°sin2xcosysinyd$ dy
o Jo zy(z +y)
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Using the fact that 2sin 6 cosf = sin 26, we have:

I—/ / sin? azsm2yd dy

We can turn the above double integral into a triple integral:

. 2 .
:/oo /oo /OO sin :CSIDde,Z(ery)dZ da dy
0 0 0 ry
o
1
/ e dr=—
0 a

We will now introduce an elementary theorem.

Since

Theorem

Let f(z) and g(y) be integrable functions. Then the follow-
ing equality holds:

[ [romommsn= ([ 00) (00

Proof. Note that for any constant & (i.e. independent of z),

/:kf(m) dm:k:/abf(x) dw

Also,

/ / F(2)g(w)dy dz = / ’ ( / df(sc)g(y)dy) du
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/abf(w) (/Cdg(y)dy> da

Now, since fcd g(y)dy is a constant, we can write

= </Cdg(y)dy> : (/abf(w)dm>

O

Using this theorem, we can split the integral above so that we have
a product of integrals:

[e’s) 00 12 00 3 9
I :/ / ST oz, (/ My yeyzdy> dz
0 0 x 0 Yy

Now, define two functions:

00 (12
fi(2) :/ ST -z gy
0

* sin 2
f2(2) _/ P evaqy
0 Yy

Both these integrals can be easily solved using Feynman’s trick
(Differentiation under the integral sign). Starting with f; we get:

fi(z) = —/ sin?z e *dx
0

1 [e.e]
= —/ (1 —cos2z)e **dx
2 Jo

1 oo oo
=—= (/ e “dx —/ cos(2x) e ** d:c>
2 \Jo 0
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The second integral can be easily evaluated using IBP. We therefore
have:

Thus,

f1(z)—/f{(z) dz = ;/<2214_i> dz

1/1. 7,
=3 (2ln<z —|—4> —lnz) +C
It is easy to see that f1(c0) =0 = C = 0. We then have
1 4

Likewise, we can differentiate fo to obtain:

o0
f2) == [ sin2g)erdy
0
Evaluating the above integral using IBP,

2
fo(z) = 21

2
= fg(z):—/z2+4dz:—arctan<;>+0

Using the fact that fo(oco) = 0, we can determine the value of C":

C = lim arctan <;)

Z—00
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T
o
2
oo fa(z) = g — arctan <;>
Since

tan (L) + arctan (z)
arctan — arctan (\r) =
x 2

We have that
2
f2(z) = arctan <>
z

Now, back to our original integral:

[e’s) 00 in2 00 3
— / / S xe_zx dzx (/ Shey de_yz dy> dz
0 0 x 0 Yy
1 [ 4 2
= / In (1 + 2) arctan () dz
4 Jo z z

2 — dz=—2csc?t dt

We proceed to substitute tant = 2

Jus

I= /2 tesc?(t) In(sect) dt
0

Using IBP with u = tIn(sect) , dv = csc?(t)dt gives

™

+ /2 cott [ttant + In(sect)] dt
0

(=R

I=— [t In(sect) cot t}

™ ™

:/tht+/21n(sect)cottdt
0 0

2 31 t
™ /2n<seC>tantdt
8 o sec?t—1
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du
Substituting e* = sect, dt = we have:
tan
2 00
T U
I1=— ——d
8 +/0 e2u 1

By the substitution 2u — wu, the integral is transformed to:

2 0o

s 1 U
I=—+4+ - d

8+4/0 v —1 "

By definition ([16.2]) of the zeta function, we know that:

Therefore,
21
I="42¢2
e
Plugging in ((2) = =,
7'('2 772
I="+
8 + 24
_
G

°° arctan(3x) arctan(2z)
2

Example 8: Evaluate / x

0 X

Solution

Define a function:

125
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1 2 3 4 5

arctan(3z) arctan(2z)
22

Figure 3.9: Graph of y =

°° arctan(ax) arctan(fx)

flo.5) = | s dr

Since f is a multi-variable function, we will use partial differenti-
ation. For the reader who has not taken a course in multivariable
calculus, a partial derivative, %, can be computed by treating all
terms not containing = as constants. After differentiating we get

if(a,ﬁ) :/OO arctan(fx) de
0

da z(1 + a?x?)
And,
o? N 1 q
Oaﬁﬁf(a’ﬁ) B /0 (1+ a22?)(1 + B222) v

™

- 2(a+B)
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The integral above is a standard one, and can be easily calculated
using the method of partial fractions. We can now integrate with
respect to [ to get:

0 0?2
gl @8 = | 5.550(@8)48
- / 2t p

= gln(a +B) +C(a)

The case a%f(oz, B)|g=0= 0 is trivial to calculate. We can then cal-
culate the value of C'(a):

C = —glna

0
= %f(a,ﬁ) = g [ln(a—i—ﬁ) —lnoz]

By symmetry, it is easy to see

0 T
95 (a, B) = 5 [ln(oz—i—ﬁ) — lnB]

We can now integrate with respect to « to obtain an expression for

fla, B).

fla.8) = [ 5or(a.8) da

™

5 /ln(a—i—ﬁ)—lna da

— g [aln(a+ B) + Bln(a + B) — alna] + C(B)
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Where C(-) denotes the integration constant analogue for multi-
variable functions. Similarly,

ﬂw@z/;ﬂmmw

s

2/ln(a—|—ﬂ)—lnﬁ dg

= g [a]n(og—}—ﬁ) +5ln(a+5) _,Blnﬁ] +C(a)

Therefore,

flo, B) = g [aln(a+ﬁ)+ﬂln(a+ﬂ)—Bln,@’—alna]

Converting into a single logarithm,

a+
ﬂmngm(mlﬂg)

Plugging in our values, we have

°° arctan(3x) arctan(2x) s 5°
de="m|-2
/0 22 SRl EERD

3.3 Indirect Approach

Quite a few integrals are actually derivatives of integrals that are
easier to compute. One advantage of differentiation under the inte-
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gral sign is that it can go both ways, i.e. one can integrate a deriva-
tive of an expression to obtain a result, or one can take the deriva-
tive of a known integral to obtain a result. We can start off with an
easy example:

[e.e] al
Example 9: / e
o (1+a%)?

y

0.10

0.05

-0.05

-0.10

Figure 3.10: Graph of y = (fiillf)”z for a =2

Solution
Define

) = /Ooo 1 ixxa

Differentiating under the integral sign gives
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r*lnz

f,(Ol) _ _/0 mdl‘

Notice that our desired integral is —f’(a)). We can now use the re-

sult from ,
fla) = T esc <7T> (3.3)

(07 «

Therefore,

]

2 ™ ™
P= oy =T B e (oot (3)

™

Example 10: Evaluate /2 sinx cos zvtan z In(tan ) dx
0

Solution

3 3 : — — sec2 X
A straightforward substitution would be © = v/tanz, du = ENGTY dz,
but our integral needs some rearranging first. Notice that we can
rearrange our desired integral as:

dx

= 2 2
, /2 4sec” ztan” z ln (\/tanx)
o 2sect zv/tan x

Therefore the substitution u = v/tan x yields:

*© utlnu
=4 ——d
/0 (ut 4+ 1)2 b
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0.6
0.4

0.2

\y v v
-02

Figure 3.11: Graph of y = sinz cos zv/tan z In(tan z)

This integral has been already evaluated (See (3.3])). Thus,

(5o ()) (-5 2)

m/2(4 — )

- 16

3.4 Exercise Problems

2 =1

Inx

dx

1
1) Find the value of /
0
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1
In(1
2) Evaluate / de

0 1+J}2

/2
3) Find / In (a cos? z + [ sin’ x) dx for a, 5 >0
0

4) Use differentiation under the integral sign to evaluate

T 2
/ cos xdaz
_x14+a®

For a > 0.

2m
5) Evaluate / €% cos(sinz) dz
0

00 0o 6—a2(1+z2)

6) Prove that /

—0o0

e dr = /7 (Hint: Let f(«) :/

—d
0 1 + 332 x)

tanx

w/2
7) Find / T da
0

8) Find / 1‘30” dz (Hint: Use the indirect method)
0

+ 22

dx
2

5 for o, 8> 0.
acos?x + fsin® x

/2
9) Evaluate/
o

10) Prove Frullani’s theorem
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Theorem

Let a,b > 0 and let f be continuously differentiable on
[0,00). Suppose that

lim f(x)

T—r00

Exists and is finite. Then the following equality holds:

/000 wdx = (f(00) = £(0) -In <%)
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Chapter 4

Sums of Simple Series
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4.1 Introduction

In this chapter, we will explore the evaluation of simple series. We
will start with finite series and later invoke the concept of a limit to
extend our formulas to infinite series. This will be seen in action as
we focus on telescoping series later in the chapter! To introduce our
chapter, we can begin with the definition of summation.

Summation is the addition of a sequence of numbers, called
addends or summands. The result is their sum or total. A
series is similar to a sum, but is often used to refer to sum-
mations of infinite sequences.

4.2 Arithmetic and Geometric Series

We will start by a famous example provided by the story of the
German mathematician Carl Freidrich Gauss in his mathematics
claszﬂ One day, Gauss’ teacher asked his class to add together all
the numbers from 1 to 100, a task the teacher thought would oc-
cupy the students for quite some time. He was shocked when young
Gauss quickly wrote down the correct answer!

The teacher could not understand how his student had calculated
the sum so quickly, but the eight-year old Gauss pointed out that
the problem was way simpler than the teacher imagined!

100
Example 1: Evaluate S = Z n

n=1

Solution

"Waltershausen, W. S. von, Gauf, C. F. (1994). Gauss zum Gedichtnis.
Vaduz: Séndig Reprint Verlag.
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Many reading this book are familiar with the formula to solve such
a problem and perhaps the background of the aforementioned story
as well. We begin by expanding S,

S=1+2+3+4---+96+97+ 98+ 99 + 100

Gauss started by recognizing that one can pair the 15 and the
100*" term, the 2" and the 99" term, and so on to make a sum
of 101.

S = (1+100) + (99 +2) + (98 +3) + (97 +4) + - --

Now, there are % such sums equivalent to 101 in S. Therefore,

our answer is:

S =101 <1(2)0> = 5050

The reader might recognize this as the formula

k

k(k+1
S KD

n=1

10
Example 2: Evaluate Z 2n

n=0

Solution

We begin by expanding our sum,

10
S=Y 2"=1+2+4+ - +2"

n=0
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Consider multiplying S by 2, or the common ratio.

28 =2+448+-..21

Subtracting 2S5 from S,

-S=1-2"
S=21_1
k
Example 3: Evaluate Z r' for r # 1 and finite k.
n=0

Solution

We can apply the same logic from our last example. Consider

k
S:ZT”:1+T+T2+~~+7’k (4.1)

n=0

Multiplying (4.1)) by r gives

rS =r4+r4... popktl (4.2)

As we have done previously, we can subtract (4.2)) from (4.1)) to get

S—rS=1-—rk!

(1—7)S=1—rk!
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Therefore,
k k-+1

(0.9}
Example 4: Evaluate Zr” for |r| < 1.

n=0
Solution
By definition,
9] k
n_ 7 n
;_:Or khﬁrgonz_%r

Plugging in our result from (4.3),

et k+1
. 1—r
E ’I"n = hm s —
k—oo 1—1r
n=0

Since |r| < 1, as k — oo, ¥+ = 0. Thus,

> 1
n __
nz:;)r C1l-r

139

(4.3)

It is now a good time to introduce some standard results. The sum

of the first N squares is:

an _ N(N+1)(2N +1)
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0 1

Figure 4.1: A geometric visualization of »_ 7 2% = 1. We begin
with a rectangle with area % and divide it in half with each itera-
tion. The resulting figure is a square of area 1!

Also,
2

N N
2 =2
n=1 n=1
N2(N +1)?

4

Both formulas can be easily proved by mathematical induction.
The proofs for these formulas are left as an exercise for the reader.
We also have a general formula for such sums known as Faulhaber’s
formulaP]

*Donald E. Knuth (1993). Johann Faulhaber and sums of powers. Math-

ematics of Computation. 61 (203): 277-294. arXiv:math.CA/9207222.
doi:10.2307,/2152953. JSTOR 2152953.
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In general,
N a
1 a+1
o _ B Na+1—n
s mn e
n=1 n=0

Where B,, denotes the n'® Bernoulli number.

Definition

The Bernoulli numbers, usually denoted as B,,, are a se-
quence of real numbers that satisfy the generating function

-3 Baz" (4.4)

These numbers have a deep relationship with many of the
special functions discussed later in the book. Remarkably,
these numbers can also be used to evaluate even zeta func-
tion values:

127" By,

¢(2n) = (1) 20

4.3 Arithmetic-Geometric Series

We now have formulas for both geometric and arithmetic series, but
what about series that are both? For example, the series

N
Zn~4”
n=1

This type of series is known is an arithmetic-geometric series. For-
tunately, there is a general formula for this series!
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Theorem

Let {a,} = [a + (n — 1)b]r" ! be defined as an arithmetic-
geometric progression. Also, denote

N
SN =) an=a+[a+b]r+[a+2b]r’+- - +]a+(N—-1)prV !

n=1

(4.5)

As the N* partial sum. We can then express Sy as:
br(1 —rV=Y  a—Ja+ (N —1)b]rN
= 4.
SN (1—r)2 + 1—r (46)
Proof. Multiplying Sy by r gives:
N
rSy =71 Z an = ar+[a+blr?+{a+2b)r*+- - +a+(N-1)b]rY (4.7)

n=1

Subtracting (4.7)) from (4.5)) gives:
Sy = a+ [a+Dbr+ [a+2br2+ -4 [a+ (N -1Vt
Snyr= 0+ ar+  [a4 b+ -+ la+ (N — 1)b]rY

(1-7)Sy =a +br +br2 +- 4+bor¥ 1t —[a+ (N = 1)V

Notice that br + br? + --- + br¥ =1 is a geometric series. We can
therefore write:
br(1 —rN=1)

T —la+ (N —1)b)rN

(1—7‘)5]\[:(1—1—

br(1 —rN-1) 4 8= [a+ (N — 1)b)rY

SN = (1—1r)2 1—1r
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What about infinite arithmetic-geometric series? Before we try to
derive the general case, we can get some intuition with an example.

o0

n

Example 5: Evaluate Z 3
n=1

0.6
04
0.2
0 5 10 15 20 25
Figure 4.2: Plot of the partial sums
Solution
Consider
1 2 3
S=-4+—-—4+—=+4+--- 4.8
3 + 9 * 27 + (48)

Multiplying S by % gives
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s_1.2_ 3 . (4.9)

Subtracting from (4.§),
1 2 3 4
R T
AN FUE S
3 9 27 81
25= o+ s+ 4 4
3 3 9 27 81

Notice that %S is a geometric series with common ratio % Hence,

2 21 3 1
397 Z37"0_1—1_5
n=1 3

3
8=

Notice that we can also use (4.6]) to obtain a general form. We have
the following theorem:

Theorem

Z (n—1)b nl:(l—r)2+1—7“ (4.10)

For |r|< 1. If|r| > 1, then:

o0
ZCL+ (n—1)b el
n=1

Diverges.
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Proof. Notice that for |r| > 1, the sequence {a,} = [a+(n—1)b]r"!
does not converge to 0,

: o n—1 __
nlgg@[a +(n—1)bjr"" =0

Therefore, the sum of the terms of this sequence does not converge.
However, for |r|< 1, the series converges by the ratio test, which
will be discussed in the next chapter.

To begin, consider the equation for the partial sums of an arithmetic-
geometric series,

N
Sy = Z [a+ (n—1)b]r" ! =

n=1

br(1 =1 a—[a+ (N —1b]rV
(1—r)2 + 1—r

By taking the limit as N — oo, we can obtain an expression for S:

_ pN-1 _ _ N
S— lim Sy — lim br(l—r""") a—[a+ (N —1)br
N—o0 N—o0 (1—7‘)2 1—r

rV — 0 as N — oo because we are only considering |r|< 1. Also,

lim [a 4 (N — 1)b)rY =0

N—o0

Which can be easily shown by L’Hopital’s rule. Therefore,

Now, what about any series that is the product of multiple se-
quences? Is there a general formula? Unfortunately, there is no
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"general" formula for any series. If that were to exist, many math-
ematicians would lose their job! However, we can get something
almost as good: summation by parts.

4.4 Summation by Parts

By this point of this book, the reader should be familiar with inte-
gration by parts, which is proved in Chapter two.

There is a lesser-known discrete analogue to integration by parts
called summation by parts, which is for sequences instead of func-
tions.

Theorem

Let {a,}>2, and {b,} 2, be two sequences. Also, denote

N
SN = Z 07
n=1

As the N partial sum of the series Y02, an. We then have:

N N-1
> anbn = SNbN = Sp—1bp — > Sp (b1 —ba)  (4.11)
n=~k n=~k

This formula is useful not only in the evaluation of series,
but also in proving the convergence or divergence of series.

Proof. Define
N
S,]CV = Z anbn
n=k

First, notice that:
Sp—Sp—1 =ap
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Hence,

N N
St =D anby =Y (Sn—Su-1)bn
n=~k n=~k
N N
= anbn - Z Snflbn
n=~k n==k

Expanding the expression above

SN = Spby, + Sky1brit + Skaobrio + -+ Snby
— (Sk—1bg + Spbpg1 + Spy1bryo + -+ Sn_1bn)

We can pull the underlined terms to the outside to obtain

SN = [Sybn — Sk_1b]
+ Sibr + Skp1brs1 + Spa2bryo + - Svo1bv 1
— (Skbgt1 + Sky1brya + -+ Sn_1by)  (4.12)

Notice that combining the expressions from the second and third

line in (4.12)) gives

S = [Snbn — Sk—1b] + Sk(br, — bi11) + Sp1 (b1 — bpg2) + -+
+Sv_1(bn—1 — bN)

N-1

= [Snbn — Sp—1bk] + > Sn (bn — bng1)
n==k
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N-1
= [SNbN — Sp—1bk] = D Su (bas1 — bn)
n=~k
Hence proved. O
N
Example 6: Evaluate Z n-2"
n=1
15000
10000
5000
2 - 4 6 8 10
Figure 4.3: Plot of the partial sums when N = 10
Solution
We will apply (4.11]) here,
N N-1
> anbn = Snby — Sp-1bk = ) Su (bng1 — bn)
n=k n=k
Where

N
SN = Z Qp,
n=1
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Let a, = 2™ and b,, = n. We therefore have:

N
Sy=> 2"=202" 1)
n=1

And Sy = 0. Thus,

N N-1
0
Sy=)Y n-2"=N-22"-1)-Sebi - D _ 2(2"-1)-(n+1-n)
n=1 n=1
N-1
=2N(@2N —1) - > 202" 1)
n=1
N-—1 N-—1
=2N(2V —1) -2 2v -y 1
n=1 n=1

=oNTYN —1)+2

Notice that we could have also applied the arithmetic-geometric
progression formula in (|4.6))!

Example 7: Given a fair standard 6-sided die, what is the ex-
pected number of rolls before getting a 67

Solution

In this problem, we will consider the notion of an "expected value".
Although many readers will be familiar with this concept already, it
is conveniently defined below:
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Let X be a random variable, or a variable whose value de-
pends on the outcome of a random phenomenon, with a fi-
nite number of possible values x1, zo, - - -, xn with probabil-
ities p1,po, -+, PN, respectively. The expected value of X is
defined as:

N
EX] =3 wupn
n=1

For a random variable X with a countably infinite number
of values x1, xs, - - - with probabilities p1, po, - - -, respectively,
such that the series Y 2, |2y |pp is convergent, the expected
value of X is:

E[X] = Z$npn (4.13)
n=1

The stipulation for the absolute convergence of the series

> o2 | Tppy is extremely important because of the Riemann
rearrangement theorem (See (5.2])). There is much more to
the notion of expected value, but this basic introduction will
suffice for our purposes.

Let X be the number of dice rolls till the number 6 is obtained.
Notice that the probability that the number 6 is obtained on any
given roll of dice is % and the probability of getting any number
but6isl—%:%.

The probability of the first roll yielding the number 6 is %, but the
probability of the second roll yielding the number 6 is % . %, as there
is only a % chance that the second roll will happen. This is because
for the second roll to happen, the first roll must not yield a 6. We
can continue this pattern such that for the N*® roll,
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Note that X has a countably infinite number of values, which are
1,2,3--- (1 roll, 2 rolls, etc.). Therefore,

By (4.13). Notice that this an arithmetic-geometric progression,
which we have generalized in (4.10)):

[e.e]

2 [a+ (n— l)b]r”_1 = a—r? +

We can evaluate our desired sum by settinga =1, b =1, r = %.
Thus,

This means that the expected number of rolls till one obtains a 6 is
six. This is intuitive as rolling the dice a large number of times, say
600 times, will yield about % = 100 6’s. Since the "gaps" between
the occurrences of the number 6 sum up to 600 and there are about
100 6’s, the average "gap" is 6 rolls.
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4.5 Telescoping Series

A telescoping series is a series whose partial sums only have
a fixed number of terms after cancellation?l This method of
cancelling terms in partial sums is known as the method of
differences. For infinite series, one must take the limit of the
partial sums.

More formally, let {a,}>°; be a sequence of real numbers,
then

N
§ an —Aan—-1 = aN — aQ
n=1

If im,,_so a,, = 0, we can write:

oo
E anp — Ap—-1 = —Aap
n=1

“Thomson, B. S., Bruckner, J. B., Bruckner, A. M. (2008). Ele-
mentary real analysis. Upper Saddle River, NJ: Prentice-Hall.

What does this look like? Let’s take a dive!

oo
. 1
Example 8: Flnd ngl m
Solution

Consider the partial fraction decomposition:

1 1 1

nin+1) n n+1

We therefore have:
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0.9

0.8

0.7

0.6

0.5
0 5 10 15 20 25

Figure 4.4: Plot of the partial sums

e}

S:im:;@_nil)

n=1

For telescoping series, it is often helpful to expand the partial sums
of the series:

v=(1-2)+(F-1) (1) (F- )

Note that Sy denotes the N partial sum. Therefore,

S= lim Sy=1
N—o0
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Example 9: Define a sequence {F,}>2, such that the sequence
obeys F,, = F,_1 + F,_9 and Fy = F; = 1. This sequence
is 17 1,2, 3 5--- and is the infamous Fibonacci sequence. Evaluate

ZF

an-‘,-l

1.0 el

0.9

0.8

0.7

0.6

0.5

5 10 15 20
Figure 4.5: Plot of the partial sums. Notice that the series con-
verges very fast

Solution

Consider multiplying the summand by F—n,
n

SZFlF

Fn+1

Since Fpy1 = Fp+ F,_1 = F, = F,11 — F,—1, we can write:

oo
Fn+1 - Fn—l

§=N Tt = Tl
1 Fn—anFn+1
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By partial fraction decomposition,

S‘i( I )
n—1 Fnanl FnFn+1

Now, consider the partial sums of S,

R T VA T O VR VAT
N FoFy 115 115 o I3
1

1
+ —
<E’N/—1FN FNFN+1>

1 1 1

= - S
FoFy  FnFny FNFNy1

Taking the limit giVGS
S Nlm SN

Example 10: Define

Sy=-—t o4t
N7y ey (2N)2 — 14

Find S1p and lim Sy
N—oo

Solution

As always, we will try to use the method of partial fraction decom-
position for problems like these. Since the problem is asking for

both the evaluation of Sy for some arbitrary N as well as limy_ o Sp,
it would be wise to derive a general expression for any Sy. We be-
gin by expressing Sy as:
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0.15

0.10

0.05

CHAPTER 4. SUMS OF SIMPLE SERIES

5 10 15 20

Figure 4.6: Plot of the partial sums

1
SN_nZ::Z@n)?él
N
=2 (2n — 2 2n+2)

n:2

4\2n—2 2n + 2

n=2

=St

n=2
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606D 0D

11 1
122> N>

It is easy to see that this sum telescopes, as only the terms

1 .
and — N7 remain. Therefore,

13 2N+1
- 8\2 N(N+1)
1/3 21 9
And,
1 3 3
li = . —=—=.1
NI OSN =g =1~ 18T

Notice that our telescoping sum was not of the form

00
5 an — n-1
n=1

Instead, it was of the form

o)
g ap — An-2
n=1
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. 1 1
Since P and =5 are two terms apart. In general, for any con-

stant & € NT, the series

00
5 Gp — An—k
n=1

Telescopes.

N
Example 11: Find Z n-n!

n=1

Solution

Notice that:

(n+1!=nl(n+1)=n-nl+n!

= n-nl=(Mn+1)-n!

Hence,

N N
:Zn- Zn—i—l‘—n'
n=1 =

=(20-11)+ (31 =21) + (4! =31) + -+ (N + 1)! =N!)

This sum telescopes,

“S=(N+1)-1
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4.6 Trigonometric Series

Many trigonometric series are also telescoping. The strategy in
evaluating these series is to utilize one or more trigonometric identi-
ties from the list of trigonometric identities in this book.

x
2
Example 12| Evaluat t —
xamp I vauaeg arcan(nz)

n=1

2.0

1.5

1.0

0.5

0 5 10 15 20 25

Figure 4.7: Plot of the partial sums

Solution

Consider the trigonometric identity,

3This problem was proposed by Anglesio in 1993: J. Anglesio, Elementary
problem 10292, Amer. Math. Monthly 100, (1993), 291. It also appears in J.
W. L. Glaisher, A theorem in trigonometry, Quart. J. Math. 15, (1878), and im
S. L. Loney, Plane Trigonometry, Part II, Cambridge University Press, Cam-
bridge, 1893.
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tan(z + y) tanx + tany
an(x =
Y 1 Ftanztany

Substituting x — arctanz, y — arctany gives:

rzty
1Fxay

tan(arctan x + arctany) =

Taking the arctangent of both sides,

+
arctan x + arctany = arctan ( Ty ) mod 7 (4.14)
1Fzxy

Lettingx =n+1, y =n — 1 gives:

2
arctan(n + 1) — arctan(n — 1) = arctan (2>
n

Hence,

S = Z arctan <n22>

n=1

o0
Z (arctan(n + 1) — arctan(n — 1))

We have to be careful here, as limy_, arctan N # 0. By inspecting
the partial sums, we have:

N
Z (arctan(n + 1) — arctan(n — 1))
n=1

= —arctan(0) — arctan(1) + arctan(N) + arctan(N + 1)



4.6. TRIGONOMETRIC SERIES 161

And,
S = lim SN
N—o00

= lim | — arctan(0) — arctan(1) 4+ arctan(N) + arctan(N + 1)

N—o0
™ .
=——+2 lim [arctan N]
4 N—o0
— T
s
4
Challenge Problem
Prove
) 22 . tanh <%>
Z arctan | — | = — — arctan | ————*
n=1 an V2

Note that the case z = v/2 gives:

[e.9]
1
E le 13: Evaluat g t —
xample valuate nzoarc an <n2 o 1)

Solution
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0.6

0.4

0.2

0 5 10 15 20 25
Figure 4.8: Plot of the partial sums

From (4.14) we have:

1
1 1 T
arctan <> — arctan < ) = arctan 7";r1 mod 7

1
n

1
n(n+1) (1 + m)

= arctan

1
— aretan (n2+n+1)

Thus,
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1
= arctan + Z arctan <7’)H7’H»]_>

n=1

= 3 (oman (1) e (1)

( )
N

N—o0

>1

IS

_|_

T
4

T2

In this chapter, we saw how powerful our algebraic tools are in se-
ries. We also got a glimpse into how powerful calculus can be in
the evaluation of series through our extensive use of the limit. In

the next chapters, we will use the tools we built here to tackle more
complex problems.

4.7 Exercise Problems

1) Prove that for any arithmetic series,

n(ai + ap)

a1+a2++an: 2

. 1
2) Evaluate nz::l Y P Yy

2019

. 1+243+---+n
3) Find the value of; 13+234+33+...420193
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k
4) Find the value of Z n!(n?+n+1)

n=1
5) Prove that

Zcosn< ! !
28111(1/2) 2

Using telescoping series (Hint: Multiply the sum by 2 sin(l / 2) and
use the identity 2sinacos f = sin(a + () — sin(a — f)).

81113(3 ) er . o
6) Find the value of Z (Hint: Use the identity sin3z =
n=0
3sinz — 4sind z).
2019
7) Evaluate Z n(— 2 (Hint: Factor and use the prop-
— n? +3n + 2 '

erties of logar;chms to your advantage).
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5.1 Introduction

As often as we would like to apply formulas blindlessly, we must be
especially careful when dealing with series. Take for example the
formula for the geometric series

> 1
> ot = — (5.1)
n=0

Blindlessly applying the formula above would give the non-sensical
result that

o0
D =1424448+ = ——=-1

n=0

This is obviously not true as the series on the LHS is blatantly di-
vergent! The error arises in the fact that only holds true for
|r|< 1, as geometric series only converge for |r|< 1. But, how do we
define convergence? More specifically, how do we say that a partic-
ular series converges to a value S? To invoke rigor into this, we will
introduce the following definition:

A series S = Y77 | aj is said to be convergent if the sequence
of its partial sums approaches a limit. Equivalently, the se-
ries S converges if there exists a number L such that for any
arbitrarily small € there exists some number N such that for
alln > N,

|Sp — L < e

If L exists, it must be unique, and is the sum of the series.

To clarify, given an infinite sequence, {a;}72, the n'™ partial sum
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is defined as the sum of the first n terms of the sequence:

Sn:Zak

Another territory that is prone to error are conditionally conver-
gent series, or series that do not converge absolutely. We can define
such series as follows:

A series > >°  ap, is said to be conditionally convergent if:

For some finite L but the series Y |an| diverges.

One example of a conditionally convergent series is

X 1\n 2
Z( 1)"Inn 71112_(1112)
n

n=1

Another example is given by the well-known alternating harmonic
sum:

— (=" _
; - =—In2

Which converges only conditionally, as the harmonic series is diver-
gent.
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The harmonic series is given by

o0

1
> 5
n=1

Many students new to the topic of series find the divergence of this
series counterintuitive. This highlights the huge misconception that
if lim,, oo @, = O then the series 22021 an converges. This is not
true at all! In fact, many well-known divergent series have this

property.

Many proofs exist regarding the divergence of the harmonic series,
but in this book we will present a simple proof dating back almost
700 years.

Proposition. The harmonic sum is divergent

Proof. This classical proof is due to Nicole Oresme, a well-esteemed
medieval philosophelﬂ Oresme considers the sequence {Hox } ey,

where Hy, = 3¢ _ L is the &*" harmonic number:

H =1

1 1
Ho=14+-=1+1{(=
2 +2 + <2>

me (1) (1) (103« ()
-1+2(3)

We can easily deduce that Hor > 1+ k <%) Since the subsequence

!Oresme, Nicole (c. 1360). Quaestiones super Geometriam Euclidis [Ques-
tions concerning Euclid’s Geometry].
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is unbounded, the harmonic series

— 1
n k—o0
n=1
Diverges. The same argument can be extended to any H» with
a € N. O

A particularly interesting theorem on conditionally convergent se-
ries is the Riemann series theorem:

Theorem

The Riemann series theorem, sometimes also called the Rie-
mann rearrangement theorem, states that if an infinite series
of real numbers is conditionally convergent, then its terms
can be arranged such that the rearranged series converges to
an arbitrary real number and can even diverge.

Equivalently, if the series Y - | a, is conditionally convergent, then
there exists some permuation, given by the function p, such that:

Z ap(n) =L (52)

Where L € RU {—o00, 00}.

H"-

- 1
Ezample. Consider the sequence {a,} = (T and its correspond-
ing series,

5 i (_17)Ln—1

n=1

1 1 1
_1_§+§—Z+-~_—ln2 (5.3)
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The value In2 comes from the Taylor series of In(1 + x). Consider
rearranging the series as:

S — 1_1 _ 1 + 1_1 _ 1 +
rearranged — 9 4 3 6 3

Equivalently,

S (1 1 1
reamanged T\ ok 1 T 2(2k—1)) 4k

Where k£ € N. Notice that all elements of the sequence {a,} are
found in Sriearranged, but are in a different order. Also,

1 1 1
Srearranged: §_Z+6+
~3(1-3+5+ )
2 2 3

Which is indeed a different value from (5.3])!

5.2 Ways to Prove Convergence

5.2.1 The Comparison Test

Description. Let {a,}22, and {b,}72; be two sequences of non-
negative numbers. If a,, < by, for all n and y o7 | b, converges, then
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> o2 | an converges. On the other hand, if a, > by for all n and

>0 1 by diverges, then > 7, aj,, diverges.

Proof. The proof is trivial and is left as an exercise to the reader.
O

5.2.2 The Ratio Test

Description. First published by the French mathematician Jean le
Rond d’Alembert, this test is also called d’Alembert’s ratio testﬂ
Given a sequence of complex numbers {a,}>° ; where a, # 0 for
large n, the ratio test is concerned with the limit:

Anp+1
Qn

L = lim

n—oo

It states that:

e If L > 1, then the series diverges.
o If I < 1, then the series converges.
e If L =1, then the ratio test is inconclusive.

Proof. Although many variations of the ratio test exist, we will
present a proof of the original ratio test defined abovdﬂ Consider:

An+1
Qnp

L= lim

n—0o0

<1

2Zwillinger, D. (Ed.). "Convergence Tests." §1.3.3 in CRC Standard Math-
ematical Tables and Formulae, 30th ed. Boca Raton, FL: CRC Press, p. 32,
1996.

3Bromwich, T. J. A (1908). An Introduction To The Theory of Infinite
Series. Merchant Books.
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We will attempt to show convergence by showing that the terms
of the sequence {a,}>2, will eventually be less than the terms of a
convergent geometric series. Since L < 1, there is some number r
such that

L<r<l

Therefore, for some sufficiently large N, for any n > N we have

an+1
an

<r

Slans1| < rlag|

Consider repeating this inequality as follows

lant1] < 7 lan]

|anta| < 7lapsa| < r?ay]
|anys| < 7langa| < 7P |an]
|kl <7 lansr1] <% |an)

Hence for any k € N
|antr| < 7%ay) (5.4)
Now, consider the series

00 00
D ak =) ank
k=1

k=N+1

By (5.4), we can write
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o0 oo
S ek < 3ot
k=1 k=1

Notice that we can write the RHS as

o0 oo

5 o] —lovl 3=
k k=1

=1

Which converges since r < 1. Therefore, Y 2, any is convergent
by the comparison test. Because

0o N 00
5 ap = g an + 5 AN+
n=1 n=1 k=1

And the underlined sum is a finite sum of real numbers, we can
conclude that the sum > | a, is convergent. Now, to prove the
case when L > 1 is divergent, recall that:

an+1
Gn

L= lim

n—oo

Because L > 1, for sufficiently large N, all n > N must satisfy:

An+1 1
Qnp
an sl > au] (55)

By (5.5), we know that:

lim |a,| > 0
n—oo
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Because the absolute value of the terms in the sequence {a,}>>,
gets larger and larger. Therefore, the series > 7 | a,, diverges. The
special case when I = 1 is inconclusive, and can be easily shown
through the two sequences:

And their corresponding series,

1

E — = Diverges
n

=1

n

— (—-1)"

E —> Converges
n

n=1

Since

.Gt .| bpgt

i L qim 2 =

n—oo| ap n—oo n

5.2.3 The Integral Test

Description. Let f(x) be a continuous, positive, monotonically de-
creasing function on the interval [b, oo] where b € Z. Then the infi-
nite series Y -, f(n) converges if and only if the integral fboo f(x) dx
is finite. If the integral diverges, then the corresponding series also
diverges.

Proof. Without loss of generality, let b = 1. Since we can just shift
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the index of a series, proving the case when b = 1 is sufficient to
prove the general case for any b € Z.

In this proof, we will prove the integral test for strictly decreasing
f(z). However, the theorem holds true for any monotonically de-
creasing f(x) (a monotonically decreasing function does not have to
be exclusively decreasing, only non-increasing).

Consider the plot below:

0.8
0.6

04 T~

0.2

Figure 5.1: Plot of the right Riemann sums of an arbitrary strictly
decreasing function defined on the interval [1,00]. The width of the
rectangles is a constant 1.

Define a sequence such that {a,} 2, = f(n). Hence,

£(2) = a2, f(3) = a3, f(4) = aq---

The approximate area under the curve, or the improper integral on
[1,00) is:
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I:/1 f(a) do ~ F(2) + f(3) + -

=azx+aztag+---
oo
:Zan
n=2

However, this underestimates I as f(x) is strictly decreasing on
[1,00), which implies:

N+1
/ F(z) dz > F(N +1) (5.7)

N

And,

[ @3 =Y a
1 n=2 n=2

Since f(z) > 0 on [1,00), we know that:

/INf(:n) dm</loof(:n) dx

Thus,

N N -
ngzan </1 f(x) d:U</1 f(z) dz (5.8)

By (5.7). To get our desired series, Y -7 | an, we can add a;:

N N
> an <ar+ / f(z) dz = L (5.9)
n=1 1



5.2. WAYS TO PROVE CONVERGENCE 179

Now, define the partial sums as

N
{Sn} = Zan

By (5.9), we know the sequence {Sy} is bounded above by L. Also,
since a,, > 0, we have that Sy < Sy41 for all N. We now know
by the monotone convergence theorem that our sequence {Sy} con-
verges, and that our corresponding series Y 7 | a,, converges.

Theorem

Informally, the monotone convergence theorem states that if
a sequence is increasing and bounded above by a supremum,
then the sequence will converge to the supremum. On the
other hand, if a sequence is decreasing and is bounded below
by an infimum, it will converge to the infimum.

Now, what if our integral diverges? Consider the plot below:
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1 2 3 4 5

Figure 5.2: Plot of the left Riemann sums of an arbitrary monoton-
ically decreasing function defined on the interval [1, co]. The width
of the rectangles is a constant 1.

In this case, the approximate area under the curve on the interval
[1, N] given by the Riemann sum is an overestimate. Therefore,

N N-1
/ f@) de < Y f(n)
1 n=1

Since a, = f(n),

N
/1 f(z) dz < Sy (5.10)

If the integral diverges, as N — oo, then
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/1Nf(:c)dx—>oo

(5.10) then shows that Sy — oo as well. Since the sequence of
partial sums is divergent, so is the corresponding series, > 7 | ap.

O

5.2.4 The Root Test

Description. Let {a,}°2; be a sequence of real numbers. Define:

L= lim {/|ay,|

n—oo

And,

S’zZan

n=1

We then have:

1. If L < 1, then the series S is absolutely convergent.
2. If L > 1, then the series S diverges.

3. If L = 1, then the root test is inconclusive. In other words,
S can be absolutely convergent, conditionally convergent, or
divergent.

Proof. Consider when L. < 1. Let r be some number such that
L <r < 1. Because
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L= lim v/|ay]
n—oo

We can write:

YVlan| <r
= 1" >lay|

For some n > N and sufficiently large V. Since r < 1, the series:

o0
E 7,71

n=N

Converges. Because 1™ >|a,| for all n > N, the series

oo
p
n=N

Also converges by the comparison test. Therefore, the series

[e) N-—1 [e)
S 0= Yl + Yoo
n=1 n=1 n=N

Converges since Zg:_ll]aﬂ is a finite sum of finite terms.

Now, consider the case when L > 1. For some sufficiently large N,
any n > N satisfies:

Vian| > 1
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= |an| >1

Hence,

lim |a,| >0
n—oo

oo lim ap, #0

n—oo

We can therefore conclude that the series Y > | a,, diverges since
the sequence {a,}22; does not converge to 0.

The case when L = 1 is inconclusive, similar to what we saw in the
ratio test. To show this, we simply need the two sequences we have

provided in ([5.6):

And their corresponding series,

1

E — = Diverges
n

=1

n—=
_1)"
(=1) — Converges
n

>

n=1

Since
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lim {/]a,| = lim /|b,| =1
n—oo n—oo

We know that the case L = 1 is inconclusive.

Note that the root test is stronger than the ratio test.

5.2.5 Dirichlet’s Test

The reader equipped with a standard knowledge of calculus should
already be familiar with the traditional methods of proving con-
vergence: ratio test, integral test, direct comparison, etc. These
methods, although powerful, are sometimes obsolete to series evalu-
ated here. One powerful technique is Dirichlet’s test. Dirichlet’s
test, named after the German mathematician Peter Dirichlet, is a
powerful method for testing the convergence of seriesﬂ

4 Demonstration d’un theoreme d’Abel. Journal de mathematiques pures et
appliquees 2nd series, tome 7 (1862), p. 253-255 Archived 2011-07-21 at the
Wayback Machine.
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Theorem

Dirichlet’s test states that if {a,}7° ; is a sequence of real
numbers and {by,}°° ; is a sequence of complex numbers sat-
isfying that:

e lima, =0
n—oo

e any1 < ap

Zﬁzl b,| < Lforall keN

Where L is a constant, then the series

o0

Z anbn,

n=1
Converges. Notice that if b, = (—1)", then Dirichlet’s test is
simply the alternating series test often encountered in intro-
ductory calculus courses.

5.3 Interchanging Summation and Integra-
tion

Regarding series and integrals, one must be very careful in inter-
changing the two. In general, for an infinite sequence of functions

{/fn},

/an da # Z/fn da (5.11)

Notice the word "infinite." You might be wondering why finite
series get a pass, which is due to the additive property of inte-
grals. However, since oo is not a number, when we write an infi-
nite sum we are effectively taking the limit as the bound of the sum
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approaches infinity. Without loss of generality, let {f,} begin at
n=1. (5.11) is then effectively:

N N
[ St S f o

It is the interchange of the limit and the integral we are concerned
with. Even though in most cases the interchange is valid, one must
still be careful. For example,

ni:;)/o% sin(z +n) dz (5.12)

[ee]
2
E cosa;—kn]o7r

[e.9]

Z (cos(z) — cos(x + 2m))

n=0

:io:o

n=0

Now, consider interchanging summation and integration in ([5.12)) to

give:
2
/ Z sin(z +n) dz
0 n=0
Since

o
Z sin(z 4+ n)
n=0
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Diverges for all z, the integral diverges as well. Well, this is con-
tradictory! This example serves as one of many in which the inter-
change is not valid.

But, what criteria did our example in not meet? Instead of
investigating each case of , we can present a general theorem
for any sequence of functions {f,} on any interval I. One such the-
orem is the Lebesgue dominated convergence theorem.

Theorem

Let {fn}22, be a sequence of Lebesgue integrable functions
that converge to a limit function f almost everywhere on an
interval I. Suppose there exists some Lebesgue integrable
function g such that | f,,| < ¢g almost everywhere on I and for
all n € N. Then, f is Lebesgue integrable on I and

lim Ifn(a:) dz = /Inh_{go fu(x) do = /If(x) dzx

n—00

This theorem is perhaps the most hefty in the book, so let us break
it down. First off, what is meant by a "Lebesgue integrable func-
tion"?

Although the general definition requires a sizeable amount of mea-
sure theory, we will present a definition that will do for all the ex-
amples we deal with in this book. We first need to establish the no-
tion of a measurable function. In our case, we are trying to employ
the Lebesgue measure. A measure can be intuitively understood as
the "size" of a set. It is a way of systematically assigning numbers
to sets to represent their sizes.

The Lebesgue measure is the measure that coincides most with gen-
eral notions of "size." For example, the set of all points in [0, 1] has
Lebesgue measure equal to its length on the number line, which is
1. Since we are only dealing with intervals, we can simply say that
an interval [a, b] has a Lebesgue measure b — a. For two dimensional
intervals, [a, b] X [c,d], it coincides with area.
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If we are using the Lebesgue definition of measure, then we can say
a function f is measurable on [ if f is continuous on 1.

Theorem

If f(x) is a bounded function defined on some closed interval

I such that
/f(a:) dz
I

Exists in the Riemann sense, then f is also Lebesgue inte-
grable.

Now, on to the definition of almost everywhere. Intuitively, a prop-
erty that holds almost everywhere is simply just that. Formally,
this notion can be expressed by using the concept of measure. If

a property holds almost everywhere on an interval I, the measure
of the set where the property does not hold is 0. This serves us by
letting us deal with functions diverging at endpoints.

Now, we will present a series reformulation of the dominated con-
vergence theorem.
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Theorem

Let {fn}>2, be a sequence of Lebesgue integrable functions
such that each f, is nonnegative on I and the sum

n=1

Converges almost everywhere on [ to a limit function f.
Suppose there exists some Lebesgue integrable function g
such that ‘ f (x)| < g(x) almost everywhere on I. Then, f is
Lebesgue integrable on I and

/If(:n) dx:/lni;fn(x) dng/lfn(x) dz

To see this in action, consider the integral

I:/l dx
0o 1+=x

This integral trivially converges to In2. But, perhaps we want to
substitute the power series expansion

1
= g (—l)kxk
1+ prd
[o get

1 o©
I:/ Z(—l)kwk dz
0 k=0

1 n
_ . k, k
_/0 nlggog_o(—l) x" dx

Now, is the interchange here justified? Well, all terms of the se-
quence
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{fn} = Z(_l)kxk
k=0

Are nonnegative. Moreover, the sequence does converge almost ev-

erywhere on [0, 1] to . It does not converge at + = 1. More-

x
over, f(x) is "dominated" by g(x) =1, i.e.

Zn:(—l)ka;k <1

k=0

Therefore, we are jusified in interchanging the limit (infinite sum-
mation) and integral! In doing so we obtain:

noopl
— VK k
I—nlin;og /0( 1)%z" dx
k=0

(1)
— D

Which is the alternating harmonic series that equals the same value
of In2.
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6.1 Introduction

The most widely used series are the power series taught in intro-
ductory calculus courses. A classic example is:

1
1—=x

o0
=ltat+a’+=) a" (6.1)
n=0

Notice that this equation is equivalent to the infinite geometric sum
formula. We can do a lot with this series. Try substituting * — —z
to get:

1 o0
—1_ 2_ 34 ... = —1)*" 6.2
il Sk A s HZ‘B( ) (6.2)
We can differentiate both sides to obtain:
1 o0
— = 1422322+ = n-(=1)"g" !
(1+2)? 7;) (=1)

We can also integrate! Integrating both sides of (6.1]) gives

( ) i et
In(1 —2)=—
—nTt 1
Re-indexing,
ln(l—m):—z% (6.3)
n=1

We can also substitute x — —z in (6.3) to obtain:
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(1l 42) =3 (_1)::1“'”” (6.4)

n=1

It is vital to realize that these powerful tools have their limitations
too. It is important to check whether these sums converge before
proceeding and using them on a specified interval. For example

(6.1)), only converges for |z|< 1. Using (6.1) for z = 5, for exam-

ple, would yield nonsensical results.

6.2 Some Problems

0 2
Example 1: Evaluate Z Z—n

n=1

0 5 10 15 20 25
Figure 6.1: Plot of the partial sums

Solution

The series converges by the ratio test. Using (6.1]), we have:
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o0
n=1

Differentiating both sides,

(%s)
_ n—1
5 = E nx
n=1

We can multiply both sides by x to get:

[e%9)

_2: n

5 = nx
n=1

We can differentiate and multiply by x again to get:
T+ 22
n
o Z

1
Notice that if z = 5 we get our desired sum! Therefore,

2
<o 1+ ()
oo .
57
=6
1
Example 2: Find the value of Z o2

n=1

Solution
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0.58

0.56

0.54

0.52

0.50 1
0 5 10 15 20 25

Figure 6.2: Plot of the partial sums

Notice that we can express our desired sum as

Using the dominated convergence theorem, we can switch the order
of integration and summation to obtain

1
2 o xnfl
= E dzx
0 n=1 n

1
:_/th(l—x)dx
0 X

Where in the last step we used the power series expansion for In(1 — ).
We can integrate by parts with u = In(1 — x),dv = d% to get
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1
1 2 ]
S =— [lnazln(l—gﬂ)]oé +/2 27 dx
0

Since

— xr
(o) =) g
n

We can substitute z — x — 1 to get:

= (—1)"(z — 1)nH!
lnmzz( )7§+1)

n=0

Plugging that series into .S,

s—ou (3)+ [ LU,

We can now use the dominated convergence theorem again,

s owe () 03 [T
- (3) 2
—1<§>—iz+<i+1>+imil>

Re-indexing both sums,

(w _ 1)n+1 3
n+1

1 1 =1
S=—-In?({=) -y —— -
" (2) ;2"-n2+;n2

—_— =
=5 —C(2)
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Mn(1 — 27 s
Example 3: Define f(n) —/ n(xx)dsc. Evaluate Z f(nn)
0

0 5 10 15 20 25

-1.8

-2.0

-2.2

24

-2.6

Figure 6.3: Plot of the partial sums

Solution

Consider the power series expansion of In(1 — x), (6.3):

> 2k
n(l—z) kzk
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N /Zklkdx

/0

By the dominated convergence theorem, we can interchange sum-
mation and integration to obtain

k=1

In evaluating the integral we obtain:

Plugging in the value of ((2),
/1 In(1 — a:”)d 2
S —m—————de=——
0

T 6n

We can now evaluate our desired series:

n=1

S L
6 n2 36
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Example 4: A crazy ant is standing on the origin. It begins by
walking 1 unit in the +x direction and then turns 60° counterclock-
wise and walks % units in that direction. The ant then turns an-
other 60° and walks % units in that direction. The ant keeps doing
this endlessly. What is the ant’s final position?

Imaginary
0.7}
0.6
0.5
0.4}
0.3
0.2

0.1}

0.2 0.4 06 0.8 7.0 17 Real

Figure 6.4: Visualization of the ant’s path

Solution

Instead of using the Cartesian coordinate system, we will use the
polar coordinate system to make calculations easier. This allows us
to express each move the ant makes in the form

1
— [cos @ + isin 6]
n

Where % denotes the distance travelled and 6 denotes the angle at
which the ant is travelling.

The final position of the ant is simply the sum of the displace-
ments. Denote the final position as P,
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P =1 (cos(0) + isin(0)) + ; <cos <§> +isin <§>)
il ( (%) + ssin (2;))

Now seems like an opportune moment to use Euler’s formula! (See
Appendix A for more.)

e =cosx +isinz

Applying this formula to P gives

This looks very similar to the power series expansion for In(1 — x).
In fact, the power series expansion of In(1 — z) divided by z is

In(1 — ) :_ix

n=1

. in
In our desired sum, x = e’3, therefore,

po (=)

i
3

e

s

H
i
>

[\

Simplifying using the complex conjugate of the denominator gives
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T )

P=—+4+—
2v/3 6

We can translate our result to the Cartesian plane and determine
that our ant friend will be at:

P=(255)

A whole § ~ 1.05 units away!

Example 5: Evaluate i <4n1— 1 41n>
n=1
0.12 R
0.11
0.10
0.09
6 5 10 15 20 “

Figure 6.5: Plot of the partial sums
Solution

Although this series might first look like it is a telescoping one, it is
not. One can easily see this by expanding the series,
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PN S A U S S U GRS S U U
“\4-1 4 4-2-1 4.2 4-3-1 4-3

No terms cancel out. Therefore, we have to think of a different ap-
proach. Consider:

1 1 1 1
_ / x4n72dl, . / x4nfldx
4dn — 1 4n 0 0

1
— / $4n—2 o l’4n_1d$
0

Using the above equation, we can then write our series as a sum of
integrals. We can then use the dominated convergence theorem to
interchange the order of summation and integration and obtain a
geometric series that is easy to evaluate. We begin with

o 1
S = Z/ g2 4 gl
n=1 0

Evaluating the series above,

g /11 z? 1 z? d
pu— —_— —_ — . x
o #2 1—2* 2z 1-—2a*
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Using

-2 =01-2)(1+2)=0—-2)1+z+2>+ 2%

We can write

1 1172
S = d
/0 Bt ta+l

Using the method of partial fractions,

1 [ z—1 1
S=-[ 2= d
2/0 x2+1+x+1x

o1t

m2 1 [ =z 1 /o1
2+2/0m2—|-1x 2/0x2+1$

Both integrals are easy to evaluate. Therefore,

DO | =

In2 In2 =«
=% T s
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6.2.1 Harmonic Numbers

Recall the harmonic numbers, usually denoted as H,,, from
the definition of the Euler-Mascheroni constant (See note in
(1.8)). They are defined as the partial sum of the harmonic

series:
"1
H,=)_ - (6.5)
k=1
4
3
2
1
0 5 10 15 20 25

Figure 6.6: Plot of the partial sums of the harmonic series, i.e. the
harmonic numbers

We can try to define an integral form of the harmonic numbers.
Notice that

1
1
/ " e = =
0 k
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Therefore,

LS
H, = Z/ 2P ldz
k=1"0

Since we have a finite sum, we can safely interchange summation
and integration to obtain

1 n
H, = Zxk_lda:

0 k=1

We can apply the geometric sum formula here

Hn_/ - (6.6)

l—m

Indeed, this form is the well-known extension of the harmonic num-
bers to the complex plane other than the negative integers via ana-
lytic continuation.

o
1
Example 6: Prove that H, =n E m
n

Note that for any integer n we have

lim Hy — Hpiw =0

T—00

We can add H,, to both sides to obtain

H, = lim Hy — (Hpio — Hy)
T—>r00
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Notice that H,1, — H, is simply the sum n+1 + n+2 +o A+ =

n+x
Therefore,
1 1
H, = lim Z - — (6.7)
T—00 — k P n+k
| a (1 1 >
= lim - —
T—00 — k n+k
m S~
= lim
T—00 prt k:(’I’L + k‘)
S Hy=n i b (6.8)
— k(n+ k)

We can derive more identities about harmonic numbers.

Theorem

The generating function for the harmonic numbers is given

by:
Zan In(1 = 2) (6.9)

r—1

For any |z|< 1.

Proof. Consider the definition of the harmonic numbers:

1
Hn :anl“'*
n

1
Hn - Hn—l -
n

Multiplying both sides by =™,
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n

X
ann — Hn_lxn = ;

Summing both sides from n = 1 to oo,

e’} 00 e’} "

E Hn{L‘n — E anll'n == E —
n

n=1 n=1 n=1

Notice that the RHS is — In(1 — x). Therefore,

o o0
ZHnazn - Z H, 12" = —1In(1 — x)
n=1 n=1

Factoring out an x from the second sum,

o0 o0
Z H,z2" — x Z H, 2" '=— In(1— )
n=1 n=1

Since Hy = 0,
o oo
St = 3
n=1 n=1
And,
[o.¢]
(1—2x) Zan" =—In(1 —2)
n=1
Therefore,
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O

H,

Example 7: Evaluate Z m
(n

0.45

0.40

0.35

0.30

0.25
0 5 10 15 20 25

Figure 6.7: Plot of the partial sums

Solution

The series converges by the ratio test. Consider

ZHSE In(1 —=)

r—1
1
27

Integrating both sides from z = 0 to x =

RS 2 In(1 — )
/ g Hn:U”dm:/ ud:z:
0 o—t 0 r—1
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We can now use the dominated convergence theorem to interchange
summation and integration,

00 1 1

In(1 —
E /2 H,z"ds = /2 de
n=1"0 0

r—1

0 n+l |2 1
T 2 In(l —z
— n " 0 x
00 1
Hn 21D(1—.’L')
_ = — —d 6.10
;Wﬂ(ml) /0 11—z (6.10)

I

For the integral on the RHS, consider IBP with v = In(1 — z), dv =
do .
1—z-

1—=x 1—=x

—I:/Oé de: [an(l—x)E —/0é de

-1

Hence,

1
—27 = [In?(1 — 2)|*
2 - )
"'I:1n22
2

Plugging I back into (6.10) gives:

o0

3 H,  In®2
2tl(n +1) 2

n=1
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.‘.iL—anZ

= 2"(n+1)

n _1 k(n

Example 8: Evaluate S, = ( ?{; (k)
k=1
2 4 6 8 10
-0.5
-1.0
-1.5
-2.0
-2.5
-3.0
Figure 6.8: Plot of S, values

Solution

Recall the statement of the binomial theorem:

We therefore have
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Zn: (Z) (—1)Fzk1 = (1-—2)" -1

k=1

Integrating both sides from x =0 to x = 1,

/Olé (Z) (—1)kzbldz = /01 Qo)1 f;)n ~ i

Since our sum on the LHS is a finite sum, we can safely interchange
summation and integration

Zn:(—l)’“@) /Ula:kldx :/01 (1—9;)"—1(193

~ D) /1 (l-a)" -1,
0

T

Using ([2.1)), we can write

n (_1)k(n)_ 1$n71
Z k ' _/0 1_$da:

k=1

By , this is simply —H,,! We can then express our sum as
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k=1 k=1

This could also be a nice proof for the divergence of the harmonic
series, as the series on the left diverges as n — oo.
- H,
Example 9: Evaluate Z n—g
n=1

Solution

Consider the result in (6.8):

By symmetry,
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Thus,

IR 1 1
T2 ZZ; (nzk(k: +n) + nk?(k —|—n)>

1
nk(k +n)

52333 v (1)

n=1 k=1

Factoring out a gives:

oo 2
;Z&:mm—ﬁ (6.11)
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6.3 Exercise Problems

[e.e]

1) Evaluate Z

m (Hint: Use the Taylor series of e”)
=1

oo .
k,O
2) Find Z SH; (Hint: Convert into radians and use Euler’s for-
k=1
mula)

o 2n
3) Evaluate —_—
2 o 10%)

(Hint: Use the identity [ /2 sin2k 1 g dz = (222}:]_“5,)

= (-1)"H,

4) Find the value of Z Uy
n=1

for even k.

k
5) Evaluate Z (=
n=0
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7.1 Introduction

In this chapter, we will apply both the standard integration tech-
niques given in chapter 2 as well as the skills we developed with
series in the last three chapters. This will serve as our introduction
to advanced integrals, as most of these integrals are impossible or
very hard to solve using the standard techniques of u—substitution,
IBP, etc, alone. It will also allow us to have an easy transition to
the much more involved chapters dealing with special functions!

7.2 Some Problems

As always, we will begin with an easy problem.

Inx

T xde

o
Example 1: Evaluate /
0

-0.2

-0.4

-0.6

-0.8

-1.0

-1.2

Inx
22

Figure 7.1: Graph of y =

1
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Solution
Splitting the integral into two parts,

D ng * Inzx
I = d d
/0 1— 22 x+/1 1—22 v

1
Letting x = —,dx = —%du in the underlined integral,
u
1
0o 0 In (*)
[ [0,
1 1—=2x 1 u2 <1 _ u712>
1
|
_ / nuzdu
0 1—u
Therefore,

1
1
I:Q/ nxgdx
0o 1—=x

. . 1 .
By the power series expansion of =, we can write

1 o
I:2/ Zx%lnxdx
0 n=0

0 fe'e)
= 22/ 22" Inz dx
n=0 0

Where we used the dominated convergence theorem in the last
step. By IBP with v = Inx, dv = 2?"dz, we have

I= - nd
D ) 2n+1/0m v

n=0

l.2n+1 Inz

2n+1

217
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d 1
__;(2n+1)2

This series can be easily evaluated. Consider

=3
n=1
=1 > 1
RSN er R Sorey:

—1)2
—n? = (2n —1)
3 2 > 1
=T = L gy
n=1
We finally have
2
I=-2x"
8
™
4

™

Example 2: Evaluate /

z
In (cosz + sinx)dx
0

Solution

Recall that

sin(z + y) =sinz cosy + siny cos

Thus,
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y
0.35
0.30
0.25
0.20
0.15
0.10
0.05
05 1.0 15 X
Figure 7.2: Graph of y = In (cosz + sinz)
. + ™ 7T . +si 7T
sin(x+ — | =cos|~ |sinz+sin| — ) cosx
4 4 4
=5 (sinz + cosx)
— sinz + cosz = v/2sin (ﬂc + %)
Hence,

™

I:/02ln (\/Esin (m-l—%)) da

Splitting the integral in half,
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I:/Ozln (ﬁsm <x+z>> dm—i—ﬁg In <\/§sin <x+1>) da

4

/

(1) (2)

Applying our integral reflection identity to (1) and substituting
r — x4+ 7 in (2) gives

™

I:/Ozln <\/§sin <g—x>>dx+/04ln <\/§sin (x—l—g))dx

Notice that sin (% — :L') = sin (a: + %) = COoS .

— I:2/4ln<\/§cosx)dx
0

In 2 1
_rh +2/41n(cosx)dx
4 0

Now, define two integrals:

L = /4 In (cosz) dx
0

jus

I, = /4 In (sinx) dx
0

A creative strategy to crack our desired integral, I, is to set up a
system of linear equations with I; and Iy being the variables. We

will first add I; and I

Jus

L+ 1, = /4 In (cosxsinz) dz
0
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T 1
= / In < sin 2:1:) dx
0 2

:/4ln(sin2x)dx—/4ln2 dz

0 0

Notice that both integrands above are symmetric around x = 7 on
the interval [0, g] Thus,

1 x g
.Tl—i-Ig:5 [/zln(sin%:) d$—/21n2 dx]
0 0

The bracketed expression has been evaluated previously (See (2.2))).
Therefore,

L+ 1= —gan

Moving on, we can compute the difference between I and I,

jus

I, -1, = /4 In (tanx) dx
0

du : y
T then gives

1
Inu
I — 1 = du
2 1 /01+u2

Substituting u = tanz, do =

1 ©©
= / Z(—l)"u% Inwu du
0 n=o0

Where we applied the series expansion of ﬁ in the last step. By
the dominated convergence theorem, we can switch the order of
summation and integration to obtain
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o0

1
IL—1 = Z(—l)"/ uw? Inu du
0

n=0
Using IBP,

Where G is Catalan’s constant.

Catalan’s constant, often denoted as GG, is named after the
French and Belgian mathematician Eugéne Charles Cata-
lan. It was originally found in the field of combinatorics, but
later found use in analysis and even topology? It is mainly
defined as the infinite series

o0 n

Z 2n+ 1)2 Ay

¢ Agol, Tan (2010). The minimal volume orientable hyperbolic 2-
cusped 3-manifolds. Proceedings of the American Mathematical Soci-
ety, 138 (10): 3723-3732, arXiv:0804.0043, doi:10.1090/S0002-9939-10-
10364-5, MR 2661571.

Open Problem

It is not known whether Catalan’s constant is irrational, let
alone transcendental”} Proving the irrationality or transcen-
dentality of this constant would be a major result.

¢ Nesterenko, Yu. V. (January 2016). On Catalan’s constant. Pro-
ceedings of the Steklov Institute of Mathematics, 292 (1): 153-170,
doi:10.1134/s0081543816010107.
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To summarize,

—mln?2
I+ 1 = an
Ih—1I = -G

Therefore,

™

1 1
Il—/ Incosx dx—(G—
0 2

™

4 1
I2:/4lnsin93 de = —= (G-i—
0 2

We finally have

7 min2 Y
min?2
:G—
4

223
m;z) -
“;2> (7.3)

Example 3: Define f(a) = / InzIn(a — z) dz. Find when the

0
minimum of f(«) occurs.

Solution

The substitution = au, der = adu transforms our integral into

1
fla) = a/o In(au) In(a(l — u)) du

= a/l[lna—i—ln(l —u)][lne + Inwu] du
0

Expanding the integrand,

1
fla) = a/ In?a+Inalnu+naln(l —u) 4+ In(l — w)Inu du
0
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10

200 400 0 800 1000%

Figure 7.3: Graph of y = f(«)

1 1
—a[/ ln2adu+/ Inalnu du
0 0

1 1
+/ In aIn(1 —u)du-l—/ Inuln(l —u) du
0 0

The first three integrals are trivial to evaluate. For the last integral,
consider the power series expansion of In(1 — u):

In(l —u)=— v
n
n=1
1 L wumlnu
.'.I:/ lnuln(l—u)du:—/
i >

n=1

By the dominated convergence theorem, we can interchange sum-
mation and integration to get:
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= —Z/ u" Inu du
n=1 nJo
I
- (- 1)2
—n(n+1)
Notice that we can break up this sum into:

I:_Z;[:L_nil_(njl)Q]

n=

_ic@ n+1> z:: n+1

n=1

Telescoping

7.(.2

:2——
6

We then have,

fl@)=a

2
ln2a+2—2lna—2]

Therefore,

7r2

f'(a) =In®a — a

2ln o

fa) =

a

It is now easy to see that the minimum is at o = ev6. Utilizing our
expression for f(a) we can compute the minimum as:

2

(%) = o [w( F) +2-2m e Ja)_g]
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—e% 7T2+2_27T_7['2

N 6 V6 6
K T

=2ev6 [1— — | =~ —2.038
(1-%)

El

2
Example 4: Evaluate / tanz Insinz dz

o

y

Figure 7.4: Graph of y = tanz Insinx

Solution

Consider rewriting the integral as:

COS T

:/2 Smxln (\/1—6082:1,‘) dz
0

CoOsT

T
2 sinx .
I = / In sin xdz
0

Substituting u = cosz, du = —sinx dx gives
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2 U

1 )
I:l/ ln(l u)du
0

Now, using the power series expansion of In(1 — x), we can write

%)
u2n

ln(l—uQ) = _;n

Therefore,

1 1 ©° u2n—1
I=— d
2/0 nzz:l n b

By the dominated convergence theorem, we can interchange sum-
mation and integration.

n=1
11 |u?n !
ZQZn[%]
n=1 0
1K1
=422
4n:1n

: 2, :
We can plug in )7, # = % in the above expression,

us

2 2
B / tanz Insin xdr = ——
0 24

2

For a proof of > | 1712 = 7, see (12.2).
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'nan?(1 -
Example 5: Evaluate / mdx

0 X

InzIn?(1—z)
x

Figure 7.5: Graph of y =

Solution

By (2.1)) we can express our integral as

1 _ 2
I:/ In(1 —z)ln 2 1
0 1—=x

We can then use the generating function for the harmonic numbers,

, to get

1 ©©
I:—/ Zannlnzxdx
0 n=1



7.2. SOME PROBLEMS 229

By the dominated convergence theorem, we can interchange sum-
mation and integration to obtain

00 1
I:—ZHn/ 2" In? xdx
n=1 0

Now, consider the integral

1
f(Oé):/O xo‘dx:a+1

For oo > —1. Differentiating k times under the integral sign gives

1 k
ark 1. (=DT!
/0 z%1n xdx_i(a—i—l)kﬂ

Then,

And



230 CHAPTER 7. SERIES AND INTEGRALS

21 H,

=

1:24“(4)—22%
n=1

We can plug in our result for the latter sum from (6.11]).

2. 7t

= 1 =2((4) — =

Using ((4) = g—g (See proof in (12.3))) we have:

11 121_ 4
/ nzIn“( x)d$:_L
A 2 180

7.3 Exercise Problems

1
1) Evaluate / Inzln(l —z) dx
0

o0 Sin2n+1
2) Find the value of / ——dx forn e N.
0 T

1 1+z dz
3) Evaluate In
) /0 (1—1’) V1 —a?

w/4
4) Find / Intanz dz
0
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5) Evaluate / In? tanh z dz
0

rin®z

1_:E4daz:

1
6) Find the value of /
0

7) Evaluate lim —dx

n—oo Jo 1—=x

Challenge Problem

Evaluate

1
/ arctan x arcsin z dx
-1

Hint: Use

1
arctana::/ Ldy
o 14+a2y?
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Fractional Part Integrals
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8.1 Introduction

In this chapter, we will be dealing with integrals that contain the
fractional part function.

The fractional part function, usually denoted as {-} is de-
fined as follows:

{z}=2—|z] >0 (8.1)

Where |-] denotes the floor function (See below for defini-
tion). For example, {1.5} = .5. The fractional part function
is defined for negative x, but the definitions vary.

The floor function, usually denoted as |- |, is defined as the
greatest integer less than or equal to x. Similarly, the ceiling
function, usually denoted [x], is defined as the least integer
greater than or equal to x. Equivalently,

|z] =max{n €Z | n <z} (8.2)

[z] =min{n € Z | n > x} (8.3)

The results that these integrals give rise to are mind-blowing! The
essence in solving problems like the ones in this chapter is convert-
ing them to infinite sums of consecutive integrals which we can
manage. Although these integrals are not a primary area of re-
search, they have a chapter dedicated to them since they develop
the skill of using series to evaluate integrals.
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8.2 Some Problems

We begin with the most basic of fractional part integrals:
n
Example 1: Evaluate / {z} dz for n € N.
0

First, we will take a look at the graph of y = {x}.

0.8
0.6
0.4

0.2

2 B 6 8 10

Figure 8.1: Case when n = 10

Notice that each line is simply y = x shifted along the = axis. This
is rather obvious from the definition of the fractional part function.
Consider some = € [k, k + 1), it is easy to see that

{z}=z—|z|=2—k

Therefore, the integral in our example is equivalent to a sum of in-
tegrals with intervals [k, k +1) from k = 0 to k = n — 1. Translating
these words into math we have

k+1

I:/On{x}d:czzz;l)/k (x — k) dzx
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Il
DO | =
M7
o —
—_

Il
|3

Notice the strategy in solving these integrals. Since the fractional
part, floor, and ceiling functions are piece-wise functions, we can
think about their definite integrals (or the area under their curves)
as a sum of consecutive areas. In other words, the principal aim
when cracking these fractional part integrals is to transform them
to sums of integrals without fractional parts.

Now that we know how to approach such types of integrals, let us
delve a little deeper.

n
Example 2: Evaluate / {z}|z]dz for n € N.
0

4 ////// [l

10

N

Figure 8.2: Try to decipher the pattern from this graph to solve the
integral.

Recall the definition of the fractional part:
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fe} =2 |zl

From the previous example, we know that for some = € [k, k + 1),
{z} = = — k. We also know that on that same interval, |z| = k.
Therefore,

k=0 k
B n—1 k
)
k=0
B ln_lk_ n(n—1)
2 4
k=0
o0 [z]
Example 3: Evaluate / {z} dx
0 [z]

Solution

As always, we will break this integral into a sum of integrals. How-
ever, now we are dealing with an infinite sum!

B 00 n+1 {x}LwJ N
SOW A

n=0
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0.8
0.6

0.4

/// i

Figure 8.3: Graph of y = {?EL{EJ

= [ o)
= ——d
7;)/71 n+1 v

e}

_Z/n—l-l (l,_n)n &
B n n+1

n=0

Notice that we can substitute x — n — x to get:

ad 1
:TZ%(njtl)2
=1 72
1=y h-w=T
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1
1
Example 4: Evaluate / {—}dw
0 X

0.2 0.4 0.6 0.8 1.0

Figure 8.4: Graph of y = {%}

This integral is part of a well-known and beautiful result in mathe-
matic We begin solving this integral by substituting u = %, dx =
—2—12‘. We then have

Notice that we can break down the integral above into a consecu-

YHavil, J. Gamma: Exploring Euler’s Constant. Princeton, NJ: Princeton
University Press, pp. 109-111, 2003.
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tive sum of integrals.

o0 n+1
u—n
I = g / 5 du
u
n=17"

Which evaluates to

i n+1\ 1
— n+1
Recall the definition of the Euler-Mascheroni constant (See ([L.8))):

v = lim (Hy —Ink)
k—o0

We can replace Ink by In(k + 1) since limg_,oo In(k+ 1) — Ink = 0.
Thus,

v = kli}r{)lo (Hp — In(k + 1))

Notice that In(k + 1) can be represented by a telescoping sum:

n(k+1) Zlnn—l— lnn—Zhl(nZl)

Plugging the sum above into the expression for v then gives

'V_klinolo Z*_Zl <n+1>
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This well-known result is due to Euler. The expression we obtained
for I is then:

I:i(ln(n:1>—nil>:1—7 (8.4)

8

y
1.0

0.8

0.6

0.4

0.2

0.2 0.4 0.6 0.8 1.0
Figure 8.5: Graph y = {%\/E}

We can generalize this for any root. Define
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L1
I, = / {} dzx
o (Va
o 1 k :
Where k£ > 1. Substituting z = e dz = — 75z du gives

> At
o=k | erdt

As usual, we will break this integral up into a sum of consecutive
integrals

Ik_kZ/n it 4

n=1

Evaluating the integral and simplifying a bit,

o0

1 1 1
I, = -
N ()
1
kz <n+1 nk>

Notice that the first sum is telescoping;:

o0

() )

o 1o,
T o \ TR T R
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Therefore,

k > 1 1
L= — -
k k—1+;”<(n+1)k nk>

Notice that the sum above is

> 1 1 1 1 1 1
= — ) =1 === 21 — — —
S nzln<(n+1)k nk> <2k 1k>+ <3k 2'@)

1 1

We can regroup the terms in the sum without changing its value
(Since it is absolutely convergent for k > 1):

1 1 1 1 1
s=(-w)*(z-23)*(2g-35)+

Each "n—_kl gets :—k subtracted from it. We therefore have:

1 1 1
S=- 17+27+37+~--
= —((k)
Plugging S back in we get

/ol{éi}dx:kfrﬂk) (8.5)

To evaluate our integral, we simply substitute k£ = 3 to obtain:

[} -t
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> {z}
Example 6: Evaluate dx for n > 2.

"
y
0.15
0.10
0.05
2 3 i 5

{z}
3

x

Figure 8.6: Graph of y =

We begin by substituting {z} = = — |z].

— I:/loox_mdx

xn
:/ $i:f1 _/ fjdgﬁ
1 1

The first integral is trivial to evaluate. Notice that we can rewrite
the second integral as an infinite sum of consecutive integrals

We have already evaluated a similar integral in (8.5)). Therefore,
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I A ) S ((n—1)
1_/1 W= 1 - (8.6)

o
Example 7: Evaluate /0 {m} dx for k > 1.

0.8

0.6

= X

0:2 04 0.6 0.8 1.0

: : _Ja

Figure 8.7: Graph of y = {m}
uk—l

We begin by substituting u = k&=, dz = Wdu,

1 k
1 1 1
/0 {k\/z} TR /0 {u}“ !

1
Substituting y = —, du = —>%,
U

{y}

kk 1 ) dy
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Recall the integral we dealt with in (8.5)),
11
Li=[ {-—=!d

Which transforms into

@:k/w{ﬂdﬁ— M)

th+1 kE—1

Through the substitution z = tik We can then use our result from
that example to obtain:

{y}

kk I Yt dy

1 1{y}d+/°°{y}

kk—1 1 yk+1 yk+1
I,k

1 'y ¢(k)

T k-1 [ 1 yk+1dy+ EL—1 Kk

Notice that for y € [%, 1), {y} = y. Therefore,

[
kk—1 %yk k-1 k

1 [kk—l ~1 1 C(k:)]

F1 | E-1 k-1 &

1| kY (k)
1 lk—1 &k
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Which finally evaluates to
1—/1 L A )
Jo kY k-1 Kk
1
Example 8: Evaluate / @ {l} dz
0 X xr
0.2 04 06 08 10"

1
Figure 8.8: Graph of y = % {;}

N E

Notice that when = € [O 1) {22} = 2z and when z € [%,1),

{22} = 2z — 1. Thus, we can split our desired integral into two

separate integrals:

[ et
:/0%(233) {i} %4—/;(23:—1){%}
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o e e f ()

We can combine the first two integrals to get:

= [ G S

We have already evaluated the first integral in (8.4). In regards to
the second integral, notice that when x € (%, 1], {%} = % — 1 by

the definition of the fractional part function. Thus,

Thus,
I=2(1-7v)—(1-1n2)

=1+In2-—2y

{}

Example 9: Evaluate / d
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0.2

: ///////4
. ///////

-0.2

Figure 8.9: Graph of y = {x};

By the definition of the fractional part function,

I:/w—x_LxJ_%dx
1

T

We can transform this integral into a sum of integrals with intervals
[k, k + 1] so we can get rid of the floor function

St kJﬂx—\_wJ—%
I:Z/k —— = “dz

x
k=1
ST

= —2dz

x
k=1"F

In evaluating the integral above we obtain
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(k—i—;)lnk— (k+;)1n(k+1)+1

Notice that we can add Ink — In k to get:

o0

-y

1 1
<k+1—1+2>lnk—<k+2>ln(k+1)+1
k=1
N
k

1+lnk+< 14 )lnk—<k+l)ln(k+1)
(8.7)

We can split (8.7) into two the limit of two summations:
N

I = lim (1+1Ink)
N—o0 1

+§:1<< -1+ >lnk—<k+1>ln(k+ ))

Telescoping Sum

—00

= lim <N+1nN!—<N+ >1n(N+1)>

This looks like an opportunity to use Stirling’s formula (See (|1.6])).
However, we first need to convert our expression into one loga-
rithm.

N—oo

NleN
— lim In | ——%
N—o0 (N_|_1)N+§

[= lim <ln<eN>—|—lnN!—ln ((N+1)N+§)>
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Since N — oo, we can use (1.6) to get

N
eV ?> V2t N
I = lim In T
N—oo (N + 1)N+2
. NN+2/on
lim In S
N—o0 (N+1)N+§
. V27
= lim In

By the definition of e,

We have

7= lim ln(v2ﬂ>
N—o0 e

We finally obtain that:

/mmz_%dlen(\/%)ﬂ

1
1
Example 10: Evaluate/ { }xlnx dz
0 xr
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y
o2 04 [ o6 08 70"
-0.1
-0.2
-0.3
Figure 8.10: Graph of y = {%} zlnx
Solution

Define a function

Fla) = /01 {i}xaldx

Differentiating under the integral,

(o) = /01 {i}xa_llnx dz

Our desired integral is then f’(2). Let us first evaluate f(a). Con-

sider the substitution v = %,

= f(a):/oo x{jjldx

0
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We have already evaluated this integral (See (8.6])). Therefore,

fay— L€

a—1 «

And,

a2 (a—1)2 a
Plugging in o = 2 gives
PRI
The value of ¢/(2) is:
¢(2)= - 3 h}:—f = _7r62 (12In A — v — In(27)) (8.8)
k=1

Where A denotes the Glaisher-Kinkelin constant.
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The Glaisher-Kinkelin constant, usually denoted as A, is a
constant that appears in many sums and integrals. It is be
given by:

. K(n+1)
A= ,}E{; e—n?/dpn?/2+4n/2+1/12

Where K (-) denotes the K-function:

~ 1.282 (8.9)

n—1
K(n) = H kF
k=1

(8.8)) can be easily shown through Glaisher’s 1894 resultﬂ

2
o A2 ©
k=1
Thus,
7'('2 7T2
f(2) = i) (12In A — v — In(27))

2@Glaisher, J. W. L. On the Constant which Occurs in the Formula for
11.22.3% ... n". Messenger Math. 24, 1-16, 1894.
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8.3 Open Problems

Open Problem

Let n > 3 be an integer. Calculate

[0,]» (T2 3 1
1 1

/W:/O /0
N—_——

n times

Open Problem

Let n > 3,k > 1 be integers. Calculate

1 k
/ { } dzq---dx,
[0, (Z1+ X2+ -+ Tp

Where the open problems are due to Ovidiu Furdui’s book "Limits,
Series, and Fractional Part Integrals: Problems in Mathematical
Analysis"lﬂ It is worth mentioning that many of the fractional part
integrals outlined in this chapter can be found in Furdui’s book,
along with solutions.

Where

8.4 Exercise Problems

1) Evaluate / {x?} dz for n € N,
0

3Furdui, O. (2013). Limits, Series, and Fractional Part Integrals: Problems
in Mathematical Analysis. New York, NY: Springer.
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1,1
2) Calculate / / {x + y} dz dy
o Jo (T—Y
1,1 2 (v
3) Find a closed form for / / (zy)?019 {} {} dzdy
o Jo Y x
RN
4) Evaluate/ x LJ {} dz
0 T X

5)

Challenge Problem

Evaluate

Hint: Use the integral definition of the gamma function.
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A Study in the Special
Functions
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In this part, we will use our tools from the previous chapters to de-
rive properties and representations of many special functions. After
doing so, we will work through a collection of example problems
with the aid of our new powerful tools.

This part will involve extensive use of the gamma, polygamma,
beta, and Riemann zeta functions. Our aim is to explore their util-
ity in series and integral problems as well as to establish a sense of
familiarity with their properties and uses. These tools will then be
used in our final and culminating part of the book regarding appli-
cations in the mathematical sciences.
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9.1 Definition

We have already introduced this function back in chapter 1 (See
). This special function is a very powerful tool in evaluating
many integrals and series, and is perhaps one of the most applica-
ble special functions in both mathematics and the mathematical
sciences.

10

-1

Figure 9.1: Graph of y = I'(z)

9.2 Special Values
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Figure 9.2: Graph of the log-gamma function, y = InI'(z), which
arises in various problems in mathematical analysis

/M
=

1 Il
Ql =
B Il
—

3

/2 2.678938534 707 747 6337

~ 3.625 609908 221 908 3119

=
TN N
— N N

—
| VN =
|
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9.3 Properties and Representations

In the properties and representations section, we will derive several
identities and equations relating to the special function considered
in the chapter. Let us get started with our first!

An interesting equation due to Gauss:

Z n

I'(z) = lim —

n—oo 2

Proof. Denote
n t n
I, —/ =1 <1— ) dt
0 n
Applying IBP with u = (1 — %)n , dv = t*~1dt gives

n n n—1
t
+"/ t2<1—> dt
. "o n

n t n—1
=" (1 - ) dt
nz Jy n

Applying IBP successively with u = (1 — %)n_k , dv = t*tF=14d¢ for
k=1,2,3---,n — 1 gives the formula

]nzﬂ. n—-1 | 1 /ntz“‘”—ldt
nz n(z+1) n(z+n-1)Jy

n n—1 1 nt?

nz n(z+1) n(z+n—-1) n+z
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Note that there are n multiples of n in the denominator. We can
easily express the above expression as a finite product:

n® k
I, = — ||
z k:1z+k
Since

n t n
lim I, = lim [ 7! (1 — ) dt
n—oo n—o00 0 n

And

We can write:

lim [, = / t*~le7tdt = T'(2)

n—oo 0

Where the interchange of the limit and integral is justified by the
dominated convergence theorem. Thus,




CHAPTER 9. GAMMA FUNCTION

266
Another infinite product expression for the gamma function

is given by Weierstrass:
P -1
> e*/® (9.2)

re) = ] <1 +2

z
k=1

Proof. Consider the result from (9.1)):

n* 4 k
I'(2) = lim —
6=t L
We can rewrite this as
1 Tk
I'(z) = n11_>n(r)10 ~eXp (zHyn, — zHy, + z1n(n)) kl:Il Py
Since
lim —lnn+ H, =~
n—oo
We can express our product as
ook
I'(z) = nlg]go XD (zHy, — 2z7) kl:Il Py
1 |
= Jim, Sop (e =) L 157
k=1
=1 H,
im exp (z ")H1+%

n—oo  z
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Notice that
"1
exp (zH,) =exp | z Z
k=1
= 6% . e% .. 6%
n
= H ei
k=1
Thus,
e L z L 1
I'(z) = lim H ek H B
i S s

P2y = & ﬁ <1 + Z>_ oo lk

The infamous Euler’s reflection formula is given by

I'(z)['(1—2)=mcscmz

book, so why not prove it!

O

(9.3)

This equation has been used multiple times throughout the
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Proof. Consider equation (9.1)):

I(z) = lim " f[ h (9.4)
T nSo 2 z+k ’
k=1
The substitution z — —z gives
1 & k
I'(—2)= 1l .
(~2) ninéoz-nzkl_llz—k (9.5)

We can then multiply (9.4)) and (9.5)) to get

I'(z)I =1 L1 K
() (—z)_ngrlgo; L 22 — k2
R R |
= Jlim S I 5— (9.6)
k=1 k2

Lemma. We can express sin mz as

00 2
sinmz = 7wz H (1 - ;) (9.7)

k=1

Proof. was used by Euler to prove the famous result that

1 w2
2 et _— = —
C( ) Z n2 6
n=1
The problem of evaluating the above sum is widely known as the
Basel problem. The problem was originally posed by Pietro Mengoli
in 1650, and gained notoriety after many famous mathematicians

failed to attack it, notably the Bernoulli familyﬂ In this proof, we

! Ayoub, Raymond (1974). Buler and the zeta function. Amer. Math.
Monthly. 81: 1067-86. doi:10.2307/2319041.
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will present the heuristic approach Euler took, which was only jus-
tified 100 years later by Weierstrass.

In his infamous solution of the Basel problem, Euler argued heuris-
tically that one can express % as a polynomial of infinite degree
based on its roots, similar to how one can factorize a finite polyno-
mial. In doing so, Euler gave

sin x

=(z+7)(z—7)(z+2n)(z—27)---
= (SUQ — 7T2)($2 — 47r2)(ac2 — 97r2) ...

562 .’E2 ZL‘2

Where A is a constant. Since

sin x

lim =1

z—0 X
It is easy to see that A = 1. This approach was shown to be valid
much later by Weierstrass through the Weierstrass factorization

theorem.

Theorem

The Weierstrass factorization theorem asserts that every
complex-valued function that is differentiable at all finite
points over the whole complex plane can be represented as

a product involving its zeroes. It can be seen as an extension
of the fundamental theorem of algebra to complex functions.

Continuing our proof,
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sin = z?
= kH (1 - W) (9.8)
=1

Substituting x — mx gives

_ i TZ
22sinmz
B T
~ zsinmwz
Thus,
T
r —2I'(— =
O O

= ['(z)['(1 —z) =mcsemz
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9.4 Some Problems

Let us begin with a very common integral.
o0 n
Example 1: Evaluate / e~ * dz for n > 0.
0

y
1.08

0.8
0.6
0.4

0.2

X

1 2 3 4 5

Figure 9.3: The graph of the very famous y = e’ (Gaussian inte-
gral)

1—n

u n

We can substitute v = 2", dz = du to get

1 o0
I = / e_uu%_ldu
nJo

Using the integral definition of the Gamma function gives

1 1
n n

Since zI'(x) = I'(z + 1) we have
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n

1:1“(”“) (9.9)

Sure does seem like these special functions make a lot of things eas-
ier! Let us transition into another well-known integral.

a+1
Example 2: Evaluate / InT(z) dz

«

Solution

Define a function

a+1
fla) = / InT(z) dz

Taking the derivative,

fla)=InT(a+1) —InT(a)

f'(a) =lna

Where in the last step we used the definition of the gamma func-
tion. Thus,

fla) = /lna da

=alnha—a+C
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The case when a@ = 0 was evaluated back in chapter 2 (See ([2.4)).
This gives us the initial condition required to find the value of C.

= C=1In (\/%)
a+1
/ Inl'(z) dr =alna —a+ ln<\/§) (9.10)

This formula is named after the Swiss mathematician Joseph Lud-
wig Raabe (Raabe’s formula), who derived it in 184@

1
Example 3: Evaluate / r <1 + g) T (1 — :;;) dz
0

y
15
1.
0.5
0.2 0.4 06 0.8 1.0%
Figure 9.4: Graph of y =T (1 + %) r (1 — %)
Solution

By definition, zI'(z) = I'(z + 1),

2]. L. Raabe, Angendherte Bestimmung der Factorenfolge 1-2-3-4-5...n =
['(1+n) = [z"e “dz, wenn n eine sehr grosse Zahl ist, J. Reine Angew. Math.
25 (1840), 146-159.
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1 /! T T
I=- 'f=)T'(1—=|d
[ (3)r(-3)e

We can now apply Euler’s reflection formula

™

T(:)(1 - 2) =

sin (72)

To get

1 [ nz
==
z/osin(’f;)dx

Substituting u = 5,

Now, consider the double angle formula for sin z:

sin 2x = 2sinx cosx

Then,

mx = m | — -
ST S 9 CcOS 9

And

T oz
1= ——dx =
o ST

- /0 2tan (%) cos? (%) dz

|
S—
|
[\}
@,
B
—
N8
SN— R
(@)
@}
7
—
IR
SN—
o,
8

Wl
8
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. . _ _ 2
Substituting x = 2 arctan u, do = 1+Wdu,

1
2 arct
I:/ arc anudu
0 U

Using the power series of arctan u,

_2/ Zzn+1

By the dominated convergence theorem we can interchange the
summation and integration and integrate to obtain

o (D"
1_2”2:0(2”“)2

Which is equal to 2G by definition (See (7.1])).

9.5 Exercise Problems

1. Prove that zI'(z) = I'(z + 1) using the integral definition of the
gamma function.

1
2. Find/ cos?(rx) InT(z) dz
0

1 n—1
3. Show that I'(n) = / (ln <;>> dz
0
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4. Evaluate /

CHAPTER 9. GAMMA FUNCTION

o) $5(63x _ e:c)

d
o (-t

oo
5. Find / 23 " sinx da (Hint: Use differentiation under the
0

integral sign).

6.

Challenge Problem

Evaluate

Hint: Use the Fourier series of In(I'(z)),

/1 (lnI‘(x))2 dz
0

InT(z) — Inv2r

1 i In n sin(27rnx) H (v +In27)(1 — 22)

m n 2
n=2

1
5 In|2 sin(7x)|
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10.1 Definition

Definition

The polygamma function of order n, usually denoted as
™ (.), is defined as the (n + 1)™ derivative of the natural
logarithm of the gamma function:

dn+1
P (z) = — InT(z) (10.1)

Note: The digamma function, 1(9)(.), is often expressed as

QR

y
4 2 ’ 2 4 6 8 10 *
-2

Figure 10.1: Graph of y = ¢(z)
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5@

__

-4 -2 2 4 6 8 10

Figure 10.2: Graph of the trigamma function, y = ¢ (z)

10.2 Special Values

<
=
Il Il
| |
RS
=2
o
|
2

~ — ~—
|
|
E
|
w
I
w
|

= Wl N =

< < <
T N7 N N

<
—
—
~
—~
—_
~—
I

N

=
AN
DO =
~——

I
St
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10.3 Properties and Representations

The first value of the digamma function in the above section follows
from (10.4)), which can also be used to compute ¥ (n) for any n €
N. The fractional values can be computed by Gauss’s digamma
theorem.

Theorem

Let n, k be positive integers with £ > n. Then the following
finite representation of the digamma function holdq%

b (Z) =y —In(2k)— 2 cot (";)

[51- .
2min . (7]
2 ) 1 ) 102
+ 2 cos( > nsm<k> (10.2)

Which follows from the digamma function’s recurrence equa-
tion. Notice that if n > k, then the recurrence relation in

(10.8)) can be used.

“Knuth, D. E. The Art of Computer Programming, Vol. 1: Funda-
mental Algorithms, 3rd ed. Reading, MA: Addison-Wesley, 1997.

\. .

We will now attempt to express the polygamma function as an infi-
nite series.

Theorem

The polygamma function can be written as:

¥ (2) = (—1)ME ) T (10.3)
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Proof. Recall the Weierstrass definition of the gamma function in

(L.7):
I(z) = e " ﬁ 142 - o2k
oz Pl k

Taking the natural logarithm of both sides gives us

o0 -1
InT'(z2) =(—yz—Inz)+1In H <1 + Z) e*/k
k=1
Since In ([Tan) = 3" Ina,, we have

InT'(z2) = fvzflanrZ (Z —1In (1+ ;))
k=1

Term by term differentiation is valid here since the series on the
RHS converges absolutely. Thus,

1 /1 1

Notice that the series above telescopes to H,. Therefore,

Y(z+1)=—y+H, (10.4)

We can also write (10.4) as an infinite series using (6.8)),

Plrtl)=—y+ Y ——— (10.5
( ) i nz:ln(n—i—z) )



282 CHAPTER 10. POLYGAMMA FUNCTIONS

We proceed to differentiate both sides of ((10.5) to obtain

W=

n=1

Substituting z + 1 — 2z and re-indexing,

o

1
Wy =
W (2) 2:% CESE
Differentiating again,
W =2y L
= (n+2)
In general,
= 1
YB () = (DMLY
— (n+2)"

Which is found by differentiating ((10.5)) & times.

10.4 Some Problems

1—=x

1
Example 1: Evaluate / 7 In*z da
0

)
Solution

Define a function,
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20
15
10
5
0.2 0.4 0.6 0.8 7.0 %
Figure 10.3: Graph of y = 11_;;”5 In* z
1
1—2
o) = ——z%dx
By the series representation of =, we have:
3n
1— 2:3 Z x
And,

1 ©©
= / Z (1 — z)z"dx
0 n=0

We can then interchange summation and integration by the domi-
nated convergence theorem
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Z/ (1—2x) 3"da:

o0 1
—_ E / xoe—&—Sn . $a+3n+1dx
n=0"0

- 1 1
= — 10.
nzz;)<a+3n+1 a+3n+2> (106)

Differentiating f(«) under the integral sign four times gives

1q_
D (a) = / 12 2%In* z dz
0

1— 23

Our integral is simply f*) (0). We can differentiate term-wise in
(10.6) since the series is absolutely convergent. Differentiating (|10.6))
four times and then letting a = 0 gives

1—4'Z<3n+1 (3ni2)5)
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RIORI0,

= oH

Using the Mathematica call for the polygamma function, we can
compute

_ 327

243V/3

1
Example 2: Evaluate / H, dx
0

0.8
0.6
0.4

0.2

0.2 0.4 0.6 0.8 1.0

Figure 10.4: Graph of y = H,
Solution

Note that we can use our result in (10.4) to get

Hy=9x+1)+~
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Therefore,

1 1
I:/O Hmda::/o Y(r+1)+ v de
1
='y+/ P(r+1) do
0

By the definition of the digamma function, we have

I=~+[InD(z+1)],

1
/ H, dx =~ (10.7)
0

Inx

1
Example 3: Evaluate/o m X

y

0.2 0.4 0.6 “pe 1.0

-0.5

-1.0

-1.5

-2.0

-2.5

-3.0

-3.5

Figure 10.5: Graph of y = %
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Solution

Recall that

-2 =@ +z+1)1—2)

1=
I:/ (1 ac)lnxdx
0 1—5[73

Hence,

Splitting the integral,

I:/l lnxgdx_/l xlnxdx
0 1—CC 0 1—.'133

and interchanging summa-

Substituting the power series of 1.3
x
tion and integration using the dominated convergence theorem then

gives

00 1 0 1
Z / 2" Ing do| — Z / 22" ngz do
n=0 0 n=0 0

As a standard integral, we may use:

! 1
@ 1 d = -
A“rnwa’ (a+1)?
Which can be easily shown by IBP. Thus,

[e.9] [e.9] 1

§%3n+2 g%@n+n2
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Notice that the underlined sum takes the sum of squares of the
form (3n+2)2, and leaves out those of the form (3n)? and (3n+1)2.
We can then express our integral as

o0 e 9] 1

f:“?)‘;)(gm Z P Yereny:

e}

2 1
=<<2>—C(9)—2ZO<3¢L+1>2

(o)
Z:: 3n+

Factoring out a 9 from the sum above we obtain:

[e.e]

472 2 1

2
27 9n:0 (n—i-%)

We can now use the series expansion of the trigamma function,

o

VO =2 e

n=0

1
Inx — 1
Example 4: Evaluate / m—x+dx
0 (lI—2)lnz

Solution

Denote
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12

10

0.2 0.4 0.6 0.8 1.0

Figure 10.6: Graph of y = —5(1?_3:;):?31

Lalne — 2% +1
f(e) _/0 Inz(l—x) dr

Differentiating under the integral sign,

"ng —2%Ilnx
/!
= [ =27 77y
Je) /0 (1—2z)lnx v

1
1 —
:/ xdx
0o 1—=x

By , we know:
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Therefore,

=InT'(a+1)+ya+C
Where we used ((10.4)). Since f(0) = 0, we can write

C=0

1
alnz —a2%+1
: ——dzr=InT 1
,,/0 (i) z=InT(a+1) + o

Plugging in o = 5,

1 1 ;) 1
/ 5nx—$+dx = 1n 120 + 57
0 (1—z)lnhz

1
Example 5: Evaluate / xH, dx
0

Solution

By ((10.4)), we have:

Hy=¢x+1)+~
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0.8

0.6

0.4

0.2

0.2 0.4 0.6 0.8 1.0

Figure 10.7: Graph of y = zH,

Therefore,

1
I= /0 z(Y(x+1) +v)dz

We can use the recurrence relation

Wz +1) = (z) + i (10.8)

1
— I=/ xp(z) +yr + 1 de
0

1
=7 —|—1+/ zp(z)dx
2 0

We can apply IBP with u = z, dv = ¢(z)dx on the integral above,
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1 1
= [zInT(z)]" — nl(z) dz
/O:Mb(x)dm—[ InT( )]0 /IF( )d

0
We have already evaluated this integral back in chapter 2 (See

23).

.-.I:%H—ln(x/%)

oo
1
Example 6: Evaluate the series —_
xamp valu seri nE:0n2+1

Solution

We will introduce the following theorem:

Theorem

Let z be a complex number. The following equality then

holds:
i i 1 = 1+7Twc;)thz7r (10.9)
P k*+x 2x

Proof. Recall the product definition of the sine function given in

(9.8):

. b 2
sinr =x H (1 — (kﬂ)2>
k=1

Substituting x — ix we get:

oo "1,’2
siniz = iz [ | (1 + (m)?) (10.10)

k=1

. s x?
sinhz = a:kl_Il (1 + (k:Tr)2>
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Where in the last step we used the definition of the hyperbolic sine.
Taking the natural logarithm of both sides,

00 2
Insinhz = 1nx+Zln <1 + (:)2>
T

k=1

We proceed to differentiate both sides with respect to x to obtain:

Here term by term differentiation is justified since the series on the
RHS is absolutely convergent. Substituting x — 7wz then gives:

1 1 2x
= — +— —_— 10.11
T + T Z k2 + 22 ( )
Manipulating the above expression,

i 1 _ mzxcothme —1

2 2 2

P k*+x 2x

We can extend the sum above by adding the term when £ = 0,

which is 9712:
i 1 _ 1+ wmx cothmz
2 2 = 2
Pt k*+x 2x
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Substituting 22 = 1 then gives

> 1 1+ mcothn
>

P +1 2

10.5 Exercise Problems

1. Evaluate lin(lJ In V!

r—
o0 .2

.Find/ x
0

3. Derive the reflection identity ¢ (1 — z) — ¢(z) = mcot 72

[\)

1
nr da
ev

W

o v (k)
. Find
in ; ;

Challenge Problem

Prove that

Challenge Problem

Evaluate
w/2
/ 2% csca dx
0
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11.1 Definition

Definition

The beta function, or the Euler integral of the first kind, is
most commonly defined as:

1
B(z,y) = / t* 11 — )y tde (11.1)
0
For R(z),R(y) > 0. A key property of the beta function is

L(2)C(y)

B(:Evy) = F(ZL‘-i—y)

(11.2)

Figure 11.1: Graph of z = B(z, y)
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11.2 Special Values

s(11) s
2°2
1 2 2w
B(z,2)=2
(53) -

13

1
B(.’L‘,l):;

11.3 Properties and Representations

We will begin this section by deriving a trigonometric integral for
the beta function.

Theorem

The beta function can be given by:

™

B(z,y) = 2 / ? cos2=1(0) sin-1(0)dd, R(z), R(y) > 0
0
(11.3)

Here, 2R(-) denotes the real part.

Proof. Consider the definition of the gamma function, (1.7

oo
F'n+1)=nl= / t"etdt
0

We can then write
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Pn+1)I'(k+1) = / t"e_tdt/ uFe tdu
0 0

Substituting ¢t = 22 and u = y?,

o0 oo
Fn+1)I'(k+1) = 4/ x2”+16_m2dx/ y2Hlevqy
0 0

Notice that e=*” is symmetric around x = 0. Thus,

oo
]:U|2"+le_x2d$/ ]y|2k+1e_y2dy (11.4)

—00

Hn+DF%+1%:/m

—0o0

<[ 2 2 12k+1 2
= [ ey
-0 —o0

Transforming into polar coordinates with x = rcos#, y = rsinf

2w poo
Fn+1I(k+1) = / / r-e " |r cos 0] |r sin 021 drdg
o Jo

2w poo
—r2 .
:/ / P2t 2R3 6T cos 02 sin 0] 2T L drde
0 0

00 2w
= {/ r2"+2k+3e_’"2dr] [/ |cos 02" |sin 9|2k+1dc9]
0 0

Notice that the underlined integrand is periodic with a period of 7.
Thus,

T(n+ )Tk + 1)

=4 [/ r2”+2k+36_72dr} [/2 |cos 8> |sin 9|2k+1d0]
0 0
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Since cos 6 and sin # are non-negative for all § € [0, g], we can get

rid of the absolute value sign.

™

Fn+1)I'(k+1) =4 [/ r2”+2k+3e7"2d7"} [/2 cos®™t1(9) sin2k+l(9)d0]
0 0

Substituting u = 72, du = 2rdr gives

L(n4+1)T(k+1) = 2 [ / u”+k+16_”du] [ / * cos2ntL(g) sin2k+1(0)d9]
0 0

We will now use the definition of the gamma function to get

s

D(n+ 1)T(k+1) = 20(n + k + 2) / ? cos?m1(6) sin?+1 (9)dd
0

Pin+ DT(k+1) ) (2 5piq 0 - op
Tkt 2/0 cos (0) sin“""(0)do

By (|11.2)), we can express the LHS as:

Bn+1,k+1)= 2/2 cos®t1(6) sin®**1(9)do
0

Or alternatively,

jus

B(z,y) = /02 cos*®1(0) sin®~1(9)do

For R(z),R(y) > 0. O
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A shorter method to derive ([11.3) is through the definition given
in (T1.1)). The substitution ¢ = cos?u, dt = —2cosusinu du into

(L1 gives

cos® " (u) sin® ! (u) du

1
B(z,y) = /O "1 — )y ldt = 2

m\
Bl >

Jus

:2/2 cos® 1 (u) sin® "1 (u) du
0

We will now prove an interesting identity.

The beta function has a recursive property given by:

B(z,y) =B(z,y+ 1)+ B(z + 1,9) (11.5)

Proof. Notice that by (11.2]) we can write

Bz +1,y) = Im
al(@)(y) = T@)I'(y)

- (x+y)(z+y) m—i—y'F(a:—Fy)

We now have the recurrence relation

Bz +1,y) = B (z,y) (11.6)

a:—{—y‘

And, by symmetry,

Y
r+y
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Hence,

x
B(w,y+1)+B(w+1,y):$+y o

S.B(z,y) =B(z,y+ 1)+ Bz + 1,y)

Now, for one more!

Theorem

An alternative integral representation of the beta function is
given by
=1l

B(x,y):/ooo(liwydu . W), Ry) >0 (1L7)

dt L du into (T1.1]) gives

Proof. The substitution ¢ = = wt1)?

_u
u+1?

1
B(x,y):/o "1 — )y tdt

0 uz—l
= du
/0 (1+w)* 114+ u)y=1(1+u)?

0 ua:—l
=/ ———d
/0 (14w

For R(x),R(y) > 0. O
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11.4 Some Problems

Example 1: Find /000 1122" dx

0.15

0.10

0.05

] 4 6 8 10
-0.05
-0.10
Figure 11.2: Graph of y = 11_?52

Solution

Substituting u = 2", du = nz""'dz gives

1

1 [®unt]

po L [,
n 0 1+u

From the definition of the beta function given in (11.7)),

o] tm—l



11.4. SOME PROBLEMS 303

Our integral is simply

1 0
I=——B(z,1-
nQ ax (':U7 .T) x:l
Since
I'(z)l(y)
B(z,y) =
We can express I as
1 0

Recall Euler’s reflection formula,

I'(z)I'(1 — z) = wese(mz)
Hence,

10
I= 9. (7 CSC(T[‘:L’)]QC_

2 T T
=—— cot () cSC ()
n n n

dx
V142t (1 +a7m)

3=

o
Example 2: Evaluate /
0
Solution
We will solve a generalized form of the integral here. Define

x

> d
fle) = /0 V14 241+ z)
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0.8
0.6
0.4

0.2

1 2 3 4 9

Figure 11.3: Graph of y = m

d
We then proceed to apply the u-substitution v = % , do = ——Z
U
o dzx
Q) =
fe) /0 V1+ 241+ z2)
- /0 1 du
= F——
o1k (14 k)
o

du

/o W (14 k)

_/oo du u®
B o Vur+1 14+u®

Therefore,

2£(a) /°° du u® +/°° dzx 1
o) = . .
o Vur+1 14u® o V1+z% 1422
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After combining these integrals we obtain

2f(a)_/°° dx z® n 1
Jo Vigazt \1+az*  14a@

*  dx
2f(e) = /0 V142t

Turns out that m was just a distractor! We will now substitute x =

— sec2 u
Vtanu, dr = 72mdu

=1

SGC2 (%

1 (2 du
2f(a) = = .
J(@) 2/0 V1+tan2u +Vtanu

s
1 (2 du sec2

- 2/0 secu ‘ vitan u

1/2 secu q
= — U
2 Jo +tanu

8f(a) = -
TR
Therefore,
2
1
/OO dx B (F (4)> (118)
o Vitai(l+am) 8T .
Example 3: Find /’5 cos’ dx
. Fi B —
p 0o V1+cosizx
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y
0.7
0.6
0.5
04
0.3
0.2
0.1
05 1.0 15 X
3 . — COS2 X
Figure 11.4: Graph of y = JitcosTs
Solution
We first substitute u = cos*z = du = —4cos®xsinz dz. We
proceed to solve for dx in terms of u.
—du
4cos® rsinx
—du
= 3 .
4u4 sinx

Note that sinz = v/1 — cos?u = /1 — /u. Therefore,

Thus,
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We recall that
I'(z)I'(y)

)

Upon simplifying we obtain:

r(3)

jus 2 2

-./2 8T =1 (11.9)
0o V1+cos?zx 2T

© dx
Example 4: Evaluate
0 14 an

Solution
Substituting = Vtan?u, do = % cscusec u tan®/™ u du gives

/2
I = /OO d = 2 /7r cos! ™2/ g gin 12/ qy
0 1+fEn n Jo

Using ([L1.3),
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s T
I = —csc <>
n n
Where in the last step we used Euler’s reflection formula.

We will now prove the following result.

The Legendre duplication formula is given by:

[(z)T <m + ;) = 217221 (22) /7

Proof. Recall that

sin2t = 2sintcost

sin?*~1(2t) or 1

= g1 = o8 “I(t) sin®* (1)

And,

z o 2x—1 2t
0 922z—1

By (11.3)). The substitution u = 2¢ then gives
™
B(z,z) = 21_29”/ sin?* 1 (u)du
0

Since the integrand is symmetric around u = 7, we can write

us

B(z,z)=2- 2123”/2 sin®* =1 (u)du
0
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—2l=22. B (x, 1)
2

Fx)F()

D=

— 21—2:1) .

(
e+ d)

N[ —=

Moreover,

Putting it all together,

~.T <x + ;) [(z) =2""%.T(22)/7 (11.10)

Since I' <%) = /. O

11.5 Exercise Problems

1. Prove that B(z,y) = B(y, z) using the integral definition given in
(1),

/2
2. Evaluate / Vsinz dz

0

w/2
3. Find a closed form for / InsinzIntanz dz
0

4. Use differentiation under the integral sign and the beta function
2

to show that / Inzln(l —z) de=2— %
0
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5. Prove that the value of an integral of the form

/°° dz
o (1429 (1+2°)
Is independent of ¢ if ab = 2 (See (11.8)).

o0
6. Evaluate / V1+zt—zdz
0

Challenge Problem

Evaluate Watson’s integral

/’T /“ /” dx dy dz

o Jo Jo 1—coszcosycosz

Hint: Use the substitutions x = %tan a,y = %tan B, and
3= %tan’y and then use spherical coordinates.
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12.1 Definition

Introduced by Euler in the first half of the 18" century, and then
expanded on by Riemann’s seminal 1859 paper On the Number of
Primes Less Than a Given Magnitude, the zeta function continues
to be vital not only in analysis but other domains of mathematics
such as number theory. Take the Riemann hypothesis, a centuries
old unsolved problem, which arose from investigating the nontrivial
zeroes of the zeta function. This problem has intimate ties to num-
ber theory and the distribution of primes, as shown by Riemann in
his 1859 papeIE].

The Riemann zeta function, usually denoted as (), is most
commonly defined as:

(=3 (12.1)
n=1

12.2 Special Values

Some notable values include:

1
¢(—-1) = 12 Via analytic continuation
1
¢(0) = D) Via analytic continuation
2
T
9y ="
="
¢(3) ~ 1.202 This is known as Apery’s constant
4
T
4) = —

IB. Riemann, Uber die Anzahl der Primzahlen unter einer gegebenen
Grésse, Monatsber. Berlin. Akad. (1859).
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Figure 12.1: Graph of y = ((z). Notice that the function {(x) di-
verges at © = 1. Moreover, limy_,o, ((z) =1

We can easily prove some of these values. The most popular re-
sult here is the evaluation of {(2), which is also known as the Basel
problem. We will present Euler’s original approach to the problem
below.

Proposition. The summation of the reciprocals of the squares of
the natural numbers is given by:

@== (12.2)

Proof. Recall the Taylor series expansion of sin x:

= (=) x oz’
: — =) o ont1 A A A
smm—z2n+1!x BETRRETIRA I
n=0
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Dividing both sides by z,

o0
sinx —-1" 1 22 x
z :Z (2(n+)1)'x2n: F7§+§+”.
= ! ! ! !
Now, consider the infinite product definition of % given in .

: 2 2 2
Snr 1 A B
x 72 472 972

We will now take the sum of the coefficients of #2 (Which is al-
lowed by Newton’s IdentitiesEI):

1 1 1
Sum of the coefficients of 2% = — (7r2 + ppc + 92 + - >

1 1
I
n=1

The above expression must be equal to the sum of the coefficients
of 22 in the Taylor series expansion of =%, Therefore,

O

2See Mead, D. G. (1992). Newtons Identities. The American Mathematical
Monthly, 99(8), 749. doi:10.2307 /2324242
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Now, using similar logic, we will attempt to evaluate ((4).

Proposition. ((4) can be written as:

()= (12.3)

Proof. Since ((2) = %f, we can write:

2.2 G
o mn 6
Squaring the expression above gives
2
)
m2n?2 36
n=1
The LHS can be expressed as
2
> 1 1/1 1 1 11 1
2ap]| malEtete 127722 " 32
n=1
(o]
1 1
- Z v i 2 Z TAn2)2 (12.4)
n=1 n<k

To see why this is true, simply expand a product of two finite sums.

For example,
1 1 1 1 1 1
P + = ts 3 + 5t 3
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Similarly to how we handled the evaluation of {(2), we will now
look at the sum of the coefficients of z*. In the infinite product ex-

pansion of 32Z  this is
xX

111 /1
Sum of coefficients of z* = gy {— ( + =+ )

1
- Z n2k2

n<k

This must in turn be equal to the coefficient of 2* in the Taylor

series expansion of *2-*. Therefore,

3 v 11
mn2k2 5 120
n<k

We can plug this result into (12.4]) to obtain:

1 =1 1
I - 2 —
55 = > 7~ (520

S
mind 90
n=1

. 74:7
=n 90
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12.3 Properties and Representations

The most well-known form of the Riemann zeta function is its se-
ries representation, , which was considered by Euler in 1740
for positive integral values of s. The Russian mathematician Pafnuty
Chebyshev then extended the function through analytic continua-
tion to the following integral form:

[ee] xsfl
((s) = F(ls) /0 e (12.5)

Perhaps the most notable aspect about the zeta function is its rela-
tion to prime numbers:

The Riemann zeta function can be expressed as

)= [ —— (12.6)

1 —
p prime p

Euler proved the above relationship in his thesis, Variae observa-
tiones circa series infinitas (Various Observations about Infinite
Series) in 1737. Euler’s product remains an important formula in
analytical number theory. It has been named the "all-important
formula" by Julian Havi]ﬂ We will present an elementary proof of

(112.6) below.

Proof. Consider the geometric series formula

o0
Zr” (1—r7) -1

n=1

3Havil, J. "The All-Important Formula." §7.1 in Gamma: Ezploring Euler’s
Constant. Princeton, NJ: Princeton University Press, pp. 61-62, 2003.



318 CHAPTER 12. ZETA FUNCTION

For |r|< 1. Using this formula, we can write

1— —s—l_oo —sn
(1-p)'=>p
n=1

For some prime p and s > 1. The convergence of this series is easily
demonstrable as the smallest prime number is 2. Notice that

1 1 1

(1_2_5)_1:1+§+E+§+”'
And,
111
1-351=14+—-4—
( ) totetan T

Multiplying the two expressions above gives

1 1 1
(1—28)1(1—38)1=(1+++--->
NI
35 95 o7

Notice that this will produce all numbers of the form 2%13%2 where
ay,az € Ng. Define S(p1,p2,---,pn) as the set of all numbers that
can be expressed as p{'p3? - - - p¢» where a,, € N°. Note that there
are no duplications in .S by the fundamental theorem of arithmetic.
Using our new notation, we have

R D D

nes(2,3)

Similarly,
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—s\— —5\— —s\— —sy— 1

(1-27)7' =377 -57)" (=) = Dy —
nesS(2,3,5,,pk)

Where py, is the k™ prime number. Taking the limit as k — oo
gives:

lim (1-27%)"'(1=37%) "' (1 -5 .. (1 —p. )"
k—o00
1
=i —
Jmo >

Since

lim S(2,3,5---,pr) =N

k—oo
We can write
. 1 =1
lim g — = —
k—o00 ns ns

By the fundamental theorem of arithmetic. Thus,

We will now present a generating function that will aid us in our
later theorem dealing with the general evaluation of any ((2n)
where n € N7,
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Theorem

The generating function for even values of the zeta function
is given by:
1 o
5 (1 —7mzcotmz) = Z ¢(2n)2%" (12.7)
n=1
For |z| < 1.

Proof. Consider the result from :

2

o0
sinmz =z H (1 — ;)
k=1

Taking the natural logarithm of both sides gives

o0 2
Insinmz =Ilnw+Inz + Zln (1 — <Z> )

k=1

By taking the derivative term by term we get (Which is justified
since for |z|< 1, the series is absolutely convergent):

Now, we will use the power series expansion of ﬁ

1 o0
1—2z :an
n=0
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Which holds for any |z|< 1. Since (%)2 < 1 for |z|< 1, we can write

And,

oo 00
22n+1

1
TeotTz =2 =23 > Im7s
k=1n=0

1 > =1
_ 2n+1
T, 2 Z z Z L2n+2
n=0 k=1

By the definition of the zeta function, the inner sum is {(2n + 2).
Thus,

1 oo
trz==—2 on 4 2)z2"H
mcot mz . ZC( n+2)z

n=0

We can easily rewrite the sum so it starts at n =1,

1 o0
cotmz = — — 2 2n) 221
meot Tz = — ZC( n)z

n=1
o
somzeotmz=1-2 ((2n)z°" (12.8)
n=1

After some algebraic manipulation we obtain

e
n=1

(1 —7mzcotmz)

N =
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Using this formula, we can calculate a recursive formula for any

¢(2n), n e N. O

We have already seen how to evaluate ((2) and ((4). But, what
about ((6)7 Maybe even ((8)7 Instead of deriving each even zeta
value separately, we will present a recursive formula for evaluating

any ((2n).

Theorem

The recursive formula for even zeta function values is given
by:

(71)n+1ﬂ.2n n—1 (71)k+17r2k

" + Zig(zn —2k) (12.9)

§(2n) = 222k +1)!

For n € N\ {1}. \ denotes the exclusion of an element from a
set.

Proof. This theorem might look intimidating, but the proof we will
present uses only elementary techniques. We begin by trying to
evaluate a power series for z cot z. Consider

[e.9]

zcotz = Z a(n)z?"

n=0

Where we wrote 22" instead of 2" due to the generating function
we derived above. Here, a(n) is an arbitrary real-valued function.
Thus,

cos z >
Z - — zg a(n)zzn
sin z
n=0
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We can use the well-known Taylor series expansions of cos z and
sin z:

0 (_1)712,271—1—1

sin z = g

|
= (2n+1)!
Plugging these series in gives
(o.9] [e.9] (0.9}
(_1)nz2n (_l)nZQn on
> T > ! > a(n)z
= (2n)! = (2n+1)! o
We can apply the identity
oo [e.e] oo n
) (S0 ) =3 S aihs
n=0 n=0 n=0 k=0

_ (=nmz?n _ 2n
In our case, a, = NCTESHIR bn, = a(n)z°". Therefore,

— (_1)n n — ( ) 2n | _ — ( 1)k22k ( k) 2n—2k
S (50 TR et

& a(n — k)
_222 > = km
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Then,

S L — - a(n —k "
Z(@L)IIZ 2(1)’“(2(k+1))! 22 (12.10)

n=0 n=0 \ k=0

Notice that the coefficient of 22" must be equal on both sides to
preserve equality. Thus,

)" _ < a(n — k)
(2n)! Z(_1)16(% +1)!

We can isolate the first term of the series above, which is simply

a(n).

n

a(n a(n — )
Z(_1>k(2k+l +Z bt (2k +1)!

k=0

We can now finally obtain an expression for a(n)!

G a(n — k)
a(n) = @) _;(_M(?kﬂrl)! (12.11)

Notice that the coefficient of 22" in the LHS of (12.10)) when n = 0

s & )) = 1. This must be equal to the RHS’s coefficient when

2:0)!
0. Hence,

a(n —k)
Z bt (2k +1)!
oa(0)=1

We can use this value to break up the series in ((12.11)) further. Iso-
lating the value when k = n gives:
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-1

G G VA a(n — k)
o) =G T en 1l > (- 2k + 1)
—1)"2n aln —k
- ((2713r ! ;(_N (2(k: + 1))! (12.12)
From we can write

00 2n
zeotz =1 —QZC(Zn) (;)

n=1

=1- 22((271)72:: (12.13)
n=1

By substituting 7z — z. Notice that our hypothetical series is

[e.9]

zcotz = Z a(n)z?"

n=0

=1+ i a(n)z*"

n=1
By matching up the coefficients of our hypothetical series and the

series in (|12.13]), we obtain that

Plugging that into ((12.12)),

o ) 2¢(2n — 2k)
2¢(2n —1)"2n 22k
T T (2n+ 1) -2 (-1 (2k +1)!

k=1
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(_1)n+1ﬂ.2nn n—1 (_1)k+1ﬂ.2k

< CBn) =5 ) k1 C2n 2

k=1

Hence proved. This formula can be used to find all even zeta val-
ues:

s
(@)=
2 4 2 4
() = ="+ 576 = 55
3 6 4 2 6
C(6) = T = 562 + 5 ¢(4) = g
4. 78 6 4 2 8
C(8) = — =51 + 5:¢(2) = 5@ + 56(0) = 5o
And so on. O

12.4 Some Problems

Inp
p?—1

Example 1: Evaluate Z

p prime

Solution

We will start off by the prime product formula for the zeta func-

tion, (12.6):

=TI =

p prime

Taking the natural logarithm of both sides,
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0.5

0.4

0.3

0.2

0.1

0 2 10 15 20 25

Figure 12.2: Plot of the partial sums

In(¢(s)) =1In H !

1—p=S$
p prime p

Since In ([Tan) = 3" Inay, we have:

In(¢(s)) = p S (1 _1ps)

prime

=— Z ln(l—p_s>

p prime

We can differentiate both sides with respect to s to get:

¢(s) _ 3 Inp

s -1
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QOur desired sum is then

_ ¢(®
S = 0 (12.14)

Substituting (8.8) into ((12.14)) gives

Inp
Z 5 12121nA—7—ln(27r)

p prime

Example 2: Evaluate Z C;:)

n=2

0.70 & =

0.65

0.60

0.55

0.50

0.45

5 10 15 20

Figure 12.3: Plot of the partial sums

Solution

We will generalize this result. Define
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For |a| < 1. By the definition of the zeta function, we have

flay =33 58"

n=2k=1

Notice that our sum is absolutely convergent. We can then safely
interchange summations to get

fle =35 S5

k=1n=2
L)
1

Recall the power series expansion of :
142

1 o0
— —1)"
1+ 7;)( )

We can multiply by z2 to obtain:

1‘2 >
— _1n n
1+ nz:;( )’z

Therefore,
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/1 1
5
P E k4«
= fla)=« [’y—l—d}(a—l- 1)]

Our desired sum is f (—%) Thus,

/()-5f )

Since

We have

icgp =1In2
n=2

™ .
2 IncoszInsinz
—dz

Example 4: Evaluate /
0 tan x

Solution

Notice that we can write

I dx

jus .
/2 InsinxIncosx
0 tanx

jus .

2 (InsinzIncosx) cosx

= - dzx
0 sin
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0.15

0.10

0.05

0.5 1.0 1.5

Figure 12.4: Graph of y = ncoszInsinz

tanx

We now substitute y = sinz, dy = cosz dz to get

llnyln( 1—y2>
I:/ dy
0

Y
:1/1 lnyln(l—yQ)dy
2 Jo Yy

We now integrate by parts by setting v = In (1 — y2) , dv = lnTydy

1
In (1 —y?) In? !y ln?
1_1[n< y>ny] P L[t
0

2 2 2 )y 1— 427

Consider the first term. Using the power series expansion of In(1 — x),
we can express the numerator as

> 2n1 2
A:1n2yln<1—y2>:—g y oy
n
n=1
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It is easy to see that the expression is zero when y = 1. We now
need to find lim,_,q A.

o0 2n12 00 12
lim A = — lim E vy ny__ lim nny
n

y—0 y—0
n=1

We can see that for each n € N, there is an 3> case here. Hence, we
will use our friend: L’Hopital’s rule.

Again, we have a 22 case, so we will use L’Hopital’s rule once more.

A= Ziﬂ%ﬁ

The evaluation of this sum gives

limA=0

y—0

Hence,

In (1 —32)In2y]"
[n( g)ny] —0-0=0

0

We then have
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Substituting y = et , dy = etdt,

—2t

Substituting u = —2¢, du = —2 dt,

1 [ u?

I=—
16 0 ev —1

du

By equation (|12.5) we know that

Therefore,
1 ¢(3)
I=—=T3)((3) ==
STE)CE) = o
00 :ElO
Example 5: Evaluate / ———dz
0 e’ — 1

Rather random numbers? Must be something we have to general-
ize! Define

xa’

f(ayﬁ):/o mdﬂ?
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Y
8
6
4
2
5 ) 6 8 10
Figure 12.5: Graph of y = 83“;131

Notice that we can multiply by % to get:
oo e—ﬂxxa
= —d
flof) = [ = e

. . . 1 .
Using the power series expansion of = gives

T o
l—xzzxn

n=1

In our desired integral, z = e~ %%, Thus,

fla,B) = /0 TS et g
n=1
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By the dominated convergence theorem, we can interchange sum-
mation and integration,

fla, B) = Z/ e Py
n=1"0
The substitution u = Sxn, du = fndx yields:
1 - 1 o a_—Uu
f(ajﬂ)_ﬁaﬂzlno‘ﬂ/o u®e “du

((a+1)I'(a+1
o = o Dl +

Where we used the definitions of the gamma and zeta function in
the last step. Our integral is then

F(10,4) = C(”;ﬂ(”)

12.5 Exercise Problems

1) Evaluate Z ((n)—1

n=2
e (_1)n+1
2) Show that E — Y =(1- 217%)((s) (Dirichlet’s eta func-
n
n=1

tion).

~ Inzln (xL—H)
3) Find / —— 5 dr
0 (1+z)



336 CHAPTER 12.

U ozln?z
4) EV&luateA mdx

5) Find C(”L_l
n=2

dx

1 —_—
6) Find the value of/ In(1 = 2) In(1 + )

0 X

/2
7) Evaluate / zlnsinz dz
0

ZETA FUNCTION

8) Prove that all non-trivial zeroes of the Riemann zeta function

1
have real part 3.
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A Note on Special Functions

The chapters in this part are but an introduction to the field of
special functions, but are nonetheless at the top of the utility lad-
der in terms of their applications. Furthermore, these functions
have been investigated since the times of the great analysts such
as Euler and Gauss, and have been instrumental in mathematics
and science ever since.

It is worth noting that the special functions discussed in the book
are what I would call building special functions. The more special-
ized functions such as the Bessel functions, spherical harmonics,
Legendre polynomials, and Laguerre polynomials, etc, build upon
and derive many identities from the building special functions. Per-
haps, in a second volume, we will explore these functions!
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13.1 Introduction

Although the previous chapters have tremendous utility in pure
mathematics, especially the domain of real and complex analysis,
they are also of great utility in the mathematical sciences. The spe-
cial functions discussed extensively in the previous chapters are ex-
tremely important in these fields, and arise in many advanced ap-
plications. In this part, I aim to present a refined and varied list of
applications of the book’s methods, techniques, and theorems.

However, we have not covered everything! The special functions

we discussed in this book serve as a precursor to many more spe-
cial functions in the mathematical sciences. See "A Note on Special
Functions" for more.

This chapter should serve as a reminder to how beautiful results in
mathematics often translate into other disciplines, and that math-
ematics is truly the language of the universe. This chapter also
poses many interesting questions about the relationships of special
functions and physical phenomena.

These intimate relationships will be explored in depth throughout
this part. Many of the applications will discuss require knowledge
in their respective disciplines, but the discussion of the prerequisite
knowledge will be as extensive as possible to bridge that gap.

In this chapter, applications from classical mechanics to computer
science will be discussed. It is worth noting that this chapter is by
no means all-inclusive. The applications of the methods discussed
in this book are vast, and can not be portrayed accurately in the
scope of a few chapters.
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13.2 Goal of the Part

The various techniques and methods, as well as the various spe-
cial functions considered, are employable in a variety of standard
calculus problems involving areas, arclengths, and volumes of 3-
dimensional or higher objects.

However, the author would like to diverge from the evaluate, find,
etc, terminology used prior in the book. This part is designed to
stimulate an appreciation for not only the mathematics behind
physical laws but the science as well. T hope to accomplish this
through a thorough discussion of the scientific principles and math-
ematics involved.

To the best of the my knowledge, no book has ever combined such
a broad and detailed list of applications with an extensive survey of
integrals and series. This is done such that the reader is familiar-
ized with the utility of the tools they have added to their toolkit,
and develop a further appreciation for these tools.
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14.1 Introduction

We begin this chapter by defining the Lagrangian.

The Lagrangian is the central feature of Lagrangian me-
chanics. Lagrangian mechanics uses a quantity named the
Lagrangian to summarize the dynamics of the entire system.
The non relativistic Lagrangian is defined as:

L=KE-U

Where U and KE represent potential energy and kinetic en-
ergy, respectively.

Lagrangian mechanics was introduced by the Italian-French
mathematician and astronomer Joseph-Louis Lagrange in
1788. It introduced a more systematic and sophisticated way
of analyzing classical systems compared to Newtonian me-
chanics. No new physics is introduced in Lagrangian me-
chanics, however, the focus is shifted from analyzing forces
to energies.

14.1.1 The Lagrange Equations

When using the Lagrangian, either the Lagrange equations of the
first kind or the Lagrange equations of the second kind are used to
analyze a particular system.

The Lagrange equations for any general coordinate g; areﬂ

'Hand, L. N.; Finch, J. D. Analytical Mechanics (2nd ed.). Cambridge Uni-
versity Press. p. 23. ISBN 9780521575720.
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e First kind

oL d oL ofi
or, B aﬁrn * gkkarn =0 (14.1)
e Second kind 178 5
L L
— | = = 14.2
dt (aqn> oqn, ( )

Where the subscript n denotes the n*® particle, N denotes the
number of constraints and A, denotes the Lagrange multiplier
for the k'™ constraint equation. Also,

o9 _(0 9 0N 90 _(09 0 9
Or,  \Oxp Oy, Oz, ) Ori  \ O Oy 0%

Where r = (z,vy, z) denotes a particle’s position in space and an
overhead dot denotes a time derivative.

14.2 The Falling Chain

Find the time it takes for a heavy chain of mass M and length L to
fall into complete extension if initially the chain is at rest and point
B is held right next to A and then released. There are no internal
friction forces so mechanical energy is conserved. Assume the chain
is inextensible and perfectly flexible.

Solution

Define our 1-dimensional axis as beginning from the ceiling, with
the + direction pointing down. Hence, our initial potential energy
is equal to 0.

When point B is z away from the ceiling, or at point z, the LHS of
the chain is % in length. Given that the density of the chain is

%, we can write the LHS’s mass as
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A

B

—/

Figure 14.1: Visualization of the falling chain. Figure generated
using TikZ software

L+x
M
2L

Mius =

Also, the LHS has a center of mass located at

L+x
4

CMrus =

For the RHS, notice that it has length Lgm when B is at x, and has
a mass

L—=z
2L

The LHS of the chain begins at x, so its center of mass is at

M

Mgus =

L — L+3
CMgygs = x + 41:: _Zx

The total gravitational potential energy of our chain system is sim-
ply the sum of the potential energies of both sides. Equivalently,

U = Urus + Urns
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Where
Urns = —g - Mins - CMpps

Urns = —¢g - Mrus - CMRrus

Here, g denotes the local acceleration due to gravity. We can then
write

Mg

U=—1L

(L2 +2Lx — ar2)

Notice that the LHS is stationary, but the RHS is in motion. The
kinetic energy is then:

-2
xr
KEpns + KEpLps = 0+ ?MRHS
M(L — x)i?
4L

Where # is simply the instantaneous velocity of the RHS when
point B is at point x. Notice that the overall energy of the system
must be constant by the principle of the conversation of energy, i.e.

Ex = Liinitial

0
Ux + KE:c = Uinitial + M

The initial energy of the system had no kinetic component, as we
are considering the system before free fall. The center of mass of
the initial system is at %. Hence,

M(L —2z)i? Mg MLg
4L 4L 4

We want to isolate @ so that we can figure out the time it takes for
B to reach z = L. With some algebraic manipulations we get

(L2 4 2La — :c2> _

(L—z)i? —g (L2 +2Lx — :):2) = —gL?
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(L —2)i? = gL* + 2gLx — ga* — gL*

(L — x)i? = 2Lgx — ga* = gz(2L — x)

gr(2L — x)
L—=x

We can solve for dt, the infinitesmal change in time, as:

dt L—=x
dz  \| g2(2L — x)

L—z
dt = | ————=d
gr(2L — x) v

Therefore, the time it takes for point B to reach x = L from x =
0 is simply the sum of the infinitesimal dt’s as d¢ — 0. We have
to sum those infinitesimal time intervals from x = 0, our initial
condition, to x = L, the fully extended position. From chapter two,
we know this notion as the definite integral. Taking the integral
from x = 0 to « = L of both sides we have

L L—=x
— [ —— 14.
T /0 gx(QL—x)dx (14.3)

Substituting 2 = 2L sin? (%) , dr = 2L sin (%) cos (%) du = Lsinu
gives,

- Lsinu du

T:/g L(1-2sin?(3))

2gL sin? (%) (2L — 2L 5sin? (%))



14.2. THE FALLING CHAIN 351

Notice that

2
1_
1—2sin? (L) =12,/ =8¢
2 V™ 2

=1—1+cosu

= COSUuU

Hence,
T= L/ cosu -sinu du
4gL sin? 1 — sin? (%))
cosusin® u
=1L / du
\/4gL sin” (%) cos? (%)
Simplifying,

I us
:’//2 veosu du
g Jo

Now we have a form we can easily evaluate analytically! Using the
trigonometric form of the beta function, we can express T as

Upon simplifying we get
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2
3 2L
T=|[T|(- —
( (4>> g
Alternate Solution

The substitution 2 = Lsin?u, dz = 2Lsinucosu du into (14.3)
gives

gz( 2L—x

L—-L
/ sin’ u -2Lsinucosu du
gLsin?u(2L — Lsin? )
_ 9 / cos U
V2 —sin’u
Using the identity cos?u = 1 — sin? u then gives

_ 9 / cosZu _costu
V1 + cos?u

We have already evaluated this integral in (11.9))! Plugging our re-
sult from there gives the same result,

()
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14.3 The Pendulum

A simple pendulum consists of a mass m suspended by a string of
length L such that it can swing in a plane, as shown in figure [14.2]
Find the period of the pendulum for 180° swings.

Figure 14.2: In here, Onitia1 = 90. This figure was generated
through the software Pysketcher

Solution

The kinetic energy of the pendulum is:

KB — m (L9>2
2

Since for circular motion, viangentiat = Lf. Here 6 denotes the angu-
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lar velocity, or the derivative of angular position.

If we define the potential energy to be U = 0 when the mass is at
its lowest point, we can write

U= —-mLgcosf

When the string is at 6 degrees from parallel. Now, we will calcu-
late the Lagrangian.

L=KE-U

=mgLcosf + 5

We will now use Lagrange’s equation of the second kind, (14.2)).
Note that

oL .
20 = —mgLsin 6

And,

a—ﬁ. = mL%0
00

So,
g <6L> = mL?0
dt \ 90

Plugging our values into ,
dafocy_oc
dt \ 94y B Iqn

Aoy _oc
dt \ g0 ) 00
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.mLf = —mgL?sin 6
Solving for 9,

_gsin9
L

6= (14.4)

Note that we can not approximate sinf ~ 6, since we are dealing
with 180° swings.

y
15 Y
1.0 | y=sin(x)
0.5

05 1.0 15 %

Figure 14.3: Notice that for large x, this approximation is not valid

We now want to obtain an expression for . Consider multiplying

(T4.4) by 6,

gsjn@.
00 = — 0
L
BRI LLLYY

Integrating both sides,
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62  gcosf

2 L

+C

Since we are considering 180° swings, the pendulum is stationary at

0 =90°. Hence, # = 0 when 0 = 7 and

2 L
. 2g cos 6
G_V L
Since § = 4¢

J¢» We can separate 0 and t as:

d0  [2gcosf
dt L
do 2
- —/Za
vcos L

Note that the interval § = 0 to § = § corresponds with the interval

t=0tot= %, where T denotes the period. Thus,

/G df /Z/M&T 7
o Vecost Jo L 4

Solving for T,

L (% do
T=4,]—
29/0 vcos
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Using (L1.3),

jus

B(z,y) = 2 /O 7 cos2=1() sin=1(0)dd , R(x), R(y) > 0

We have

/L (11
T=2/=B(=>=
2g (4’2)

We can convert this to a product of gamma function values, as

shown in (11.2)).

14.4 Point Mass in a Force Field

A point mass of mass m was released from rest at x = x¢ under
the influence of a force field of magnitude F' = xn—]‘;l for k,n € RT
directed towards the origin. How long would it take for the point
mass to reach the origin?

Solution

Note that the case n = 1 corresponds with the inverse square law
of gravity. However, we want to generalize this problem to a force
of arbitrary order. Consider Newton’s second law of motion
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d2
F =ma= md—tf (14.5)
Denoting velocity by v, we have
a
dez2  dt

Therefore, we can write (14.5) as

o () (de)_ v
M\ az ) \ar ) T "

By the chain rule. Since the only force acting on our point mass is
due to the force field, we begin with

Rewriting the expression above and integrating both sides,

Eee] dr =v dv
k
/_W dx:/’l} d’U

2

ix*"_FC:Ui

mn 2
2k

2= "z 4C
mn

Since our point mass starts at rest, we know that v = 0 when x =
xg. Therefore,
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2k
C=-— -
mn(
And,
)2 %x_” B 2k
mn mny

2k 1 1
A o,
mn \ " g

Expressing this in derivative notation,

de\®_ 2k (11
dt mn \ 27 xg

We now proceed to solve for dt so we can integrate to obtain time

d
z_ |21 1
de mn \ 2"  xf

ﬁ B mn 1
dz 2k 1 1
xn g
Ldt =+, 20 L4 (14.7)
codt = T T T .
" xg
Notice that
1 1
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n/2
Lo

n n
xn

n/2
Lo

n
(&) -1
Therefore, (14.7)) can be rewritten as
mn a2
dt =+ ET —0 ____dz
n
VO
Integrating from 0 to T,
T 0
1
| = o [t
0 2k o / (@)n —1
x
The substitution u = £, do = ¢ du then gives
o
n/2 [N 0 Zo
T =*+x, or ———du
1 /L 1
u’ﬂ
0
z 1
ST Ny p———
2k 1 1 1
u'n

Since T is necessarily positive, we can eliminate the £+ symbol.
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1+2 [mn 1 u/?
Y —du
Qk‘ 0o vV 1— um

dt,

T=at? /m"/1 Vi (B
0 2k V1I—t n
\/ 2nk / Vv1-—
1+7L 1_1
20— tnm2 (1 —¢) 2 dt 14.
2nk / : ( 8)

The reader should recognize the integral above as the main form
of the beta function, defined in (11.1)). Using the beta-gamma rela-
tionship then gives

Ly 1 1 11
tn 2(1—¢t) 2dt=B| = —_, =
/0 (- 1) (2+n,2>

Substituting ¢t = «", du =

Plugging this back into (14.8]),
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Notice that as the point mass approaches the origin, v gets arbi-
trarily large (See ) However, we know that v can not be-
come indefinitely large due to Einstein’s theory of special relativity.
Moreover, issues of relativistic mass have not been accounted for.
So, this calculation is not relativistically correct. However, it is a
good approximation and is a good exercise in classical mechanics.
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15.1 Introduction

A crystal structure is an ordered arrangement of atoms, ions or
molecules in a crystalline materiaﬂ The properties of any crystal
structure mainly rely on the properties of the unit cell, which is
the building block of any crystalline material. The unit cell is the
smallest repeating unit having the symmetry of the full crystalline
structure. The Coulombic forces between the constituents of the
unit cell determine many propertiesﬂ

Figure 15.1: A visualization of the crystal structure of NaCl

The key quantity characterizing these Coulombic forces is called
the lattice energy. The lattice energy of a crystalline solid is a

'Hook, J.R.; Hall, H.E. (2010). Solid State Physics. Manchester Physics
Series (2nd ed.). John Wiley Sons. ISBN 9780471928041.

28. Varughese, M. S. R. N. Kiran, U. Ramamurty and G. R. Desiraju.
Nanoindentation in Crystal Engineering: Quantifying Mechanical Properties
of Molecular Crystals. Angew. Chem. Int. Ed. 2013, 52, 2701-2712.
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measure of the energy released when ions are combined to make a
compound. However, some sources such as the CRC Handbook of
Chemistry and Physics define it oppositely, as the energy required
to convert the crystal into infinitely separated gaseous ions in vac-
uum.

However, the lattice energy is not only determined by the interac-
tions of the ions in the unit cell, but in the crystalline structure as
a whole. The first efforts in calculating these long-range interac-
tions were presented by the German physicist Erwin Madelungﬂ

Madelung gave the electrostatic potential felt by a single ion in a
crystal by approximating all ions as point charges. This quantity is
named as Madelung’s constant, and is used to determine the lattice
energy through the Born—Landé equation.

Scientific Model

The Born-Landé equation is a means to calculate the lattice
energy of a crystalline ionic compound. It was developed by
the German physicist and mathematician Max Born as well
as the German physicist Alfred Landé. It is given by

2
g = MMzeae <1 - 1> (15.1)

dmegr n

Where

e N = 6.02214076 x 10%® denotes Avogadro’s constant. As
a refresher, this number denotes the number of constituents
(molecules, atoms, formula units, etc.) that are present in one
mole

e M is Madelung’s constant

e 2, is the charge number of the cation

3Madelung E. (1918). Das elektrische Feld in Systemen von regelmdifig an-
geordneten Punktladungen. Phys. Z. XIX: 524-53
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z_ is the charge number of the anion

e = 1.6022 x 10'?C (Coulombs) is the elementary charge, i.e.
the magnitude of the charge of a single electron.

€o is the vacuum permittivity

r is the distance to the closest ion

n is the Born exponent, which is experimentally determined

Partial Derivation. The electrostatic potential energy is

_ 1 ae
ey T

For two charges ¢q; and ¢y separated by a distance r. Note that
when we say the charge of a sodium ion Na™ is +1, we mean that
it has a charge of e. Therefore,

1 24z €2
FEy=—-——.2"""
4meg r

For any compound. To account for the virtually infinite long-range
interactions, we multiply by our multiplier M to get

Mz, z_ e?

Erp=MEo == dmeor

Born and Landé suggested that the repulsive attractions between
the lattice ions would be proportional to %n such that

B
Ep=—

T’I’L

For a constant B. Thus,
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Mz, z_e? B
E=FEip+ Er= _74;607“ e (15.2)

Where E denotes the total energy. Note that E must be at a mini-
mum when r = 7., or the equilibrium separation. This is due to the
principle of energy minimization. To set that stipulation, we must
find a constant B such that

dE

d?" T=Tc

=0
Therefore,

de Mz,z e* nB
dr  4mer? rntl

Mzyiz_e? nB

_ -0
dmegr? potl
nB Mz, z_e?
rotl degr?
Mz, z_e?
. B — +~— TTL—l
’ dmegn
Plugging B in terms of r. into (15.2]) gives
5o _MZ+Z_€2 Mziz_e* , 1
4degre dmegn € re

_]\4242;62 1 ]
 dmegre n
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Madelung’s constant, although primarily of interest in inorganic
chemistry, is also useful in describing the lattice energy of organic
salts. Izgorodina et al. (2009) have described a generalized method,
named the EUGEN method, for calculating the Madelung constant
for any crystal structureﬁ.

In calculating the Madelung constant, we make a few assumptions
about the ions in the crystal structure:

e The charges must have a spherically symmetric distribution of
charge, i.e. a point charge or a charged metal sphere

e The charges must not overlap

e The charges must be stationary with respect to each other

Ions in a crystal lattice do not always have a spherically symmet-
ric electron distribution, and therefore not a spherically symmetric
distribution of charge.

Now that we know how the Madelung constant is used, we will ex-
plore it further. We can begin by defining it mathematically:

4E. Izgorodina; et al. (2009). The Madelung Constant of Organic Salts.
Crystal Growth Design. 9 (11): 4834-4839. doi:10.1021/cg900656z.
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The Madelung constant of the n*® ion, usually denoted as
M, is defined as

ZETr
M, = Z ; ]: (15.3)
ntk "

Where r,,;, denotes the distance between the n'® and the &t
ion, and the sum is taken over all ions in the lattice struc-
ture, which is virtually infinite.

Application. The electric potential felt by the n*® ion is:

e Zk
Vo —

:47re T
On;ék nk

Where zj, denotes the number charge of the k' ion. Notice that we
sum over all k, so that we can account for the long-range interac-
tions produced by every ion in the lattice. By normalizing r,; to
the distance to the closest ion, r., we obtain

. (& Zk _ (& Z ZETe
= =
degr Tnk/T 4drer, T
Ocn#k nk/c cn#k nk

By defining the sum above as Madelung’s constant, we can write:

V= — M,
4megre

It is here where we notice the utility of the Madelung constant. We
can compute the electric potential energy produced by a virtually
infinite array of ions by simply accounting for the electric potential
generated by the closest ion. Notice that the electrostatic energy
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felt by the nt" ion is the electric potential acting on the ion multi-
plied by the ion’s charge,

€2z, M,
dmegre

E,=V, ez, =

15.2 Sodium Chloride’s Madelung Constant

Let us apply our new knowledge to the test! We will try to com-
pute the Madelung constant for sodium chloride. We will first look
at its structure.

Figure 15.2: The unit cell of sodium chloride. Here, the blue atoms
represent sodium while the bigger green atoms represent chlorine.

Notice that, because of sodium chloride’s structure and symmetry,
the Madelung constant has the same magnitude for both sodium
and chlorine. However, the two different Madelung constants differ
in sign, i.e.
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Mya = —Mcy

If we were to define a coordinate system, with the central atom

in figure being the origin, we can establish a series for the
Madelung constant. We can also define the coordinate system such
that half the lattice constant represents 1 unit. The lattice constant
in this case is simply the side length of the cubic unit cell in figure
This is equivalent to what we did when we normalized the
Madelung constant, as half the lattice constant is the distance to
the closest ion.

We then need to sum over all possible integral (x,y, z) coordinates.
By the Pythagorean theorem, the distance between the central
atom at (0,0,0) and some arbitrary ion located at (z,y, z) is

r=+vz2+y?+22

Also, notice that the sodium and chlorine atoms alternate on every
axis. To account for the difference in the sign of charge, we have to
multiply by the factor (—1)**¥*#. Since both sodium and chlorine
have the same magnitude of charge (1), we need not worry about it.
The Madelung constant is then

(_1)x+y+z

(z,y,2)#(0,0,0) \/m

(15.4)

But, how would we even go about evaluating this?

15.3 The Riemann Series Theorem in Action

Consider the central atom in figure [I7.1] We will account for long
range interactions by expanding spherically, i.e. we will consider
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Neighbors | Distance
6 Cl™ 1
12 Na® | V2
8 Cl™ V3
6 Nat V4
24ClI- | V6

ions a distance 1 away on our coordinate axis, then ions a distance
V2 away, and so on. We can organize this information in a table.
Therefore,

12 8 6 24

MNazﬁ_ﬁ‘i‘ﬁ_ﬁ‘F%—F”'

(15.5)

This is indeed the series given in many introductory textbooksﬂﬂ
However, this series diverges! This was proven by Emersleben in
19517} We will outline his proof here:

Proposition. The series given in (15.5) diverges.

Proof. Denote r3(n) as the number of representations of n as a sum
of three squares. For example,

(F1D)2+02+02 =02+ (£1)2 4+ 0> = 0>+ 0> + (1) =1
— r3(1)=3-2=6

5J. S. Blakemore. Solid State Physics. Saunders, Philadelphia, 1969.

8C. Kittel. Introduction To Solid State Physics. Wiley, New York, 1953.

"Emersleben, O. (1951). Das Selbstpotential einer endlichen Reihe neu-
traler dquidistanter Punktepaare. Mathematische Nachrichten. 4 (3—4): 468.
doi:10.1002/mana.3210040140.
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r3(n) is simply the denominator of the n*® term in (15.5). There-
fore,

T IR -

n=1

Now, denote Lr as the number of lattice points inside or on a sphere
of radius R. This can be expressed as

k
Lrp =) r3(n) (15.7)
n=1

For vk < R < Vk+1, k € Nt. We are essentially summing all
lattice points by looking at layers of a sphere. It is easy to see that

4 3
L ”f — O(RY) (15.8)

For large R, the number of lattice points inside a sphere is approx-
imately the volume of the sphere. Notice that we defined Ly as
the number of lattice points inside and on the sphere. So the error
term is only of magnitude r? because the surface area of a sphere is
47r?. Since imp_s oo %z = 0, we can write

P (15.9)

We will proceed to prove that (15.6) diverges by contradiction. As-
sume that (15.6) converges, then

lim rs(n)
n—o0 n

=0
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Now, consider letting R = vk in (15.7) to get:

k
L = Z r3(n)
n=1

Multiplying by k=3/2,

Now, denote X,, = Tf/(g). Thus,

B = 2 eV
n=1

Let £ > N for some sufficiently large N € N. Also, let Cny =
max{X,:n > N}, or the largest value of X,, on the interval n €
(N, 00). Splitting the sum,

L
vk
W_k?,/zz ”\F+k3/2 Z Xnv/n

n=N+1
< k3/2 ZX N k3/2 Z v (15.10)
n=N+1
By the integral test (See Chapter 5),
k k+1 9 k+1
Z Vvn < Vo dr = {x?’/z]
n=N+1 N+l 3 N+1
2
=3 ((k: T2 (N 1)3/2) (15.11)
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Substituting (15.11)) into (15.10)) gives:

L 2C
vk N 3/2 3/2
W—sz Xavit oo ((k+ 1) = (v +1)7?)

~ i 22 () ()

Letting k — oo gives:

L s < 20N 2CN

lim sup —7= B2 S 3

k—o0

By our assumption that (15.5]) converges and the definition of con-
vergence, we necessarily have

1' —
Nlm CN = O
[ llus,

L
Ly
klgglo k3/2 =0

However, this is a contradiction of (15.9))! Therefore, (15.5)) di-

verges.

How could this happen? Physically, we observe these long-range
interactions as defined and finite. Could there be a flaw with our
physics in deriving the Madelung constant? Well, no. The series
given in ((15.4) is only conditionally convergent. Therefore, by the
Riemann series theorem, the order in which we arrange the series
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impacts its value. As a matter of fact, a conditionally convergent
series can be made to diverge, or fail to approach any limit!

The definition given in does not specify how to go about
summing the virtually infinite terms. Therefore, we need to go
about summing series in a way that is physically meaningful as well
as physically accurate.

Perhaps, the method we used to sum our series (expanding spheres)

is incorrect. In retrospect, the expanding spheres method has no
physical meaningfulness since there are no spherical crystals. Nonethe-
less, its simplicity makes it attractive. The correct way to sum the
series in is by the method of expanding cubes. An elemen-
tary proof for the convergence of this method is given by Borwein

et Al (1985)F]

Unfortunately, there is no closed form for (15.4)°} The method of
expanding cubes gives the value:

(_1)x+y+z

Z a3 2. 2
(z,y,2)#(0,0,0) \/m

=1.747 ...

Which is experimentally verified. However, the rate of convergence
of this sum using straightforward methods is extremely slow. Thou-
sands of steps are required to obtain accuracy to one decimal place.

In order to accelerate computation, Bailey et Al (2006) gave the
following rapidly converging series

T
Z — =127 Z sech? (2(n2 + k‘2)1/2>

2 2
(2,2)£(0,0,0) VE Ty +2 n,k>1,0dd

8Borwein, D.; Borwein, J. M.; Taylor, K. F. (1985). Convergence of Lat-
tice Sums and Madelung’s Constant. J. Math. Phys. 26 (11): 2999-3009. Bib-
code:1985JMP....26.2999B. doi:10.1063/1.526675.

9Bailey, D. H.; Borwein, J. M.; Kapoor, V.; and Weisstein, E. W. Ten Prob-
lems in Experimental Mathematics. Amer. Math. Monthly 113, 481-509, 2006.
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Unfortunately, the methods employed in their derivation, such as
Jacobi theta functions and Mellin transforms, are outside the scope
of this book.

15.4 Pharmaceutical Connections

Even though most of the properties of a crystal structure can be
accurately assessed by looking at the short-range structure and in-
teractions, it is important to note that long range Coulombic at-
tractions are important and necessary for accuracy. This is espe-
cially relevant in the pharmaceutical industry, where long range
interactions affect the "bulk behavior" of crystals. Ho et Al. (2019)
state that "API (Active Pharmaceutical Ingredient) physical/chem-
ical properties across scales can significantly influence formula-
tion choice/composition, manufacturing route, and performance of
the pharmaceutical product."m This keys us in to the importance
of the Madelung constant, and how the mathematics here indeed
translates into various fields of science!

"Ho, Raimundo, et al. Multiscale Assessment Of Api Physical Prop-
erties In The Context Of Materials Science Tetrahedron Concept. Chem-
ical Engineering in the Pharmaceutical Industry, 2019, pp. 689-712.,
doi:10.1002,/9781119600800.ch30.
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15.5 The Debye Model

The Debye model is a model developed by Dutch-American
physicist and chemist Peter Debye to predict the specific
heat of solid{” This model correctly predicts the tempera-
ture dependence of the heat capacity for low temperatures
and high temperatures, but fails at intermediate tempera-
tures due to its underlying assumptions.

“Debye, Peter (1912). Zur Theorie der spezifischen Waerme. An-
nalen der Physik. 39 (4): 789-839. Bibcode:1912AnP...344..789D.
doi:10.1002/andp.19123441404.

The dimensionless heat capacity is given by

T 3 TD/T x4e$
9Nk | — — d
¢=9 (TD> /0 S

Where

N is the number of atoms

k is Boltzmann’s constant

Tp is the Debye temperature, which is the highest tempera-
ture in a lattice that can be achieved due to a single normal
vibration

T is the temperature

At low temperatures,

Hence,
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T 3 poo e
— 9Nk [ — _re
¢=9 k<TD> /0 (63’—1)2dx

This integral can be easily evaluated. We start by using IBP with

_ 4 _ e’ .
U—ﬂf,dv—mdx.

0 pder 4 e 0 g3
——dr = |- — dz
o (et —1)2 er —1 . g e*—1

We first focus on the evaluation of the first term. Its evaluation at
x = 00 can be trivially shown to be equal to 0, but its evaluation at
x = 0 requires a little more work. Using L.’Hopital’s rule gives us

L
lim — = lim — 5 dx
250 et — 20 L (er 1)
= — lim 4e %23
x—0

Simply plugging in = 0 then gives us that the first term is 04+0 =
0. Plugging this back into our expression for C,

3 roo 3
C = 36Nk <T> / Y dx
TD 0 €x — 1

Although this form was already given in ([12.5)), we can consider
another approach. We can multiply the integral by e~ to get,
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Using the power series

We can express [ as:

00 oo
I = / 23e™® Z e "dx
0

n=0

Interchanging summation and integration by the dominated conver-
gence theorem,

o
I= Z ooa:?’e_x"dx
0

n=1

Integrating by parts then gives

n=1

Which agrees with our result if we had used ((12.5)). Plugging this
integral into the expression for C' then gives

0212W4Nk T 3
5 o
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16.1 Introduction

Statistical mechanics may be a new field for the reader. Nonethe-
less, it is one of the pillars of modern physics, along with general
relativity and quantum mechanics. Primarily, the concepts of the
field are necessary for any calculations in physical systems that
have a large number of degrees of freedom.

In statistical mechanics, a degree of freedom is a scalar quan-
tity describing the microstate of the system. A microstate
is simply a specific microscopic configuration of a thermody-

namic system.

The field derives from concepts in statistics as well as physical prin-
Ciplesﬂ To describe a system. statistical mechanics introduces the
notion of a statistical ensemble which was introduced by the
American scientist Josiah Willard Gibbs in 19022 In Gibbs’ sem-
inal book Elementary Principles in Statistical Mechanics, he ac-
counted for several thermodynamic properties of large systems in
terms of the statistics of ensembles. This, along with the works of
James Clerk Maxwell and Ludwig Boltzmann, established the foun-
dations of statistical mechanics.

The statistical ensemble is a collection of many possible
states of a system, each assigned a certain probability. Sim-
ply put, a statistical ensemble is a probability distribution
for the state of the system.

!Tolman, R. C. (1938). The Principles of Statistical Mechanics. Dover Pub-
lications. ISBN 9780486638966.

2Gibbs, Josiah Willard (1902). Elementary Principles in Statistical Mechan-
ics. New York: Charles Scribner’s Sons.
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Now, there are three main ensembles defined for any isolated sys-
tem occupying a finite volume:

e Microcanonical ensemble
e Canonical ensemble

e Grand canonical ensemble

These ensembles are the primary means by which statistical me-
chanics derives its theoretical predictions. After a brief introduc-
tion to this field, we will now transition into the applications of the
mathematics we have learned!

16.2 Equations of State

The reader might recall the ideal gas law from chemistry,

PV =nRT (16.1)

Where:

e P denotes the pressure

e I/ denotes the volume

n denotes the number of moles of gas

R denotes the ideal gas constant

T denotes the absolute temperature (in kelvins)

The equation was first stated by the French physicist Emile Clapey-
ron as a combination of the less inclusive gas laws of Boyle, Charles,



384 CHAPTER 16. STATISTICAL MECHANICS

Avogadro, and Gay—Lussac{ﬂ This equation is the equation of
state of the hypothetical ideal gas. An ideal gas is a theoretical
gas composed of a large number of randomly moving point parti-
cles whose only interactions are perfectly elastic collisions. How-
ever, this is far from true, especially for gases in high pressure, low
temperature settings. Furthermore, gases with large particles also
deviate from ideal behavior.

Nonetheless, the ideal gas serves as a first model in thermodynam-
ics and statistical mechanics. In more advanced curricula, correc-
tions to this model are introduced. One correction is the compress-
ibility factor.

The compressibly factor, usually denoted as Z, is a correc-
tion factor which describes the deviation of a real gas from
ideal gas behaviour. It is defined as:

PV

~ nRT
Notice that for an ideal gas, Z = 1 by the ideal gas formula
(16.1)).

Before we proceed, we need to make note of statistical mechan-
ics’ use of the number of particles instead of the number of moles.
Moreover, note that the ideal gas constant is given by:

R = Ak

Where A denotes Avogadro’s constant and k denotes Boltzmann’s
constant. Therefore, we can express the ideal gas law as

3Clapeyron, E. (1834). Mémoire sur la puissance motrice de la chaleur.
Journal de 'Ecole Polytechnique (in French). XIV: 153-90. Facsimile at the
Bibliothéque nationale de France (pp. 153-90).
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PV = NET

Where N denotes the number of particles.

16.3 Virial Expansion

One way to approximate Z is by using the virial expansion. We will
begin by defining the particle density as

_N

P=v
:}i—

kT~ P

Now, consider writing Z as a power series in p:

Z =1+ Bap+ Bsp* + - --

The coefficients By, Bs, - - - are often represented by Taylor series
in % The biggest correction to ideal gas behavior will be our first
coefficient, By. It is given by

By(T) = —27r/r2 (e*“(r)/(kT) - 1) dr

Where u(r) gives the potential energy at 7.
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16.3.1 Lennard-Jones Potential

Scientific Model

The Lennard-Jones potential is a simple model that approx-
imates the interaction between a pair of neutral atoms or
molecules. A form of this interatomic potential was first pro-
posed in 1924 by John Lennard-Joned” The most common
version of this model is given by:

Vig(r) = e [(i)w ) ((;)6]

“Lennard-Jones, J. E. (1924). On the Determination of Molec-
ular Fields. Proc. R. Soc. Lond. A, 106 (738): 463-477. Bib-
code:1924RSPSA.106..463J, doi:10.1098 /rspa.1924.0082

Where

e ¢ is the depth of the potential well

e o is the finite distance at which the inter-particle potential is
ZEero

e r is the distance between the particles

Due to its mathematical simplicity, the Lennard-Jones potential is
used extensively in computer simulations of chemical phenomena
even though more accurate models exist. The r~!2 term, which is
the repulsive term, describes Pauli repulsion at short ranges due to
overlapping electron orbitals (See Pauli exclusion principle), and
the 7~% term describes attraction at long ranges due to electric
dipole fluctuations (Van der Waals force, or dispersion force).

With this interaction potential, the first virial coefficient is given
by:
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Where exp denotes the exponential function, i.e. exp(z) = e*. Sub-

stituting z = =, do = %dr gives:

> de [ 1 1
— 3 2
By = 270 /0 x° |exp <_kT [a:l? — x6]> —1|dz

Substituting again with 7% = kTT’

Challenge Problem

Show that the above expression can be expressed ad%

X1 (2n—1)\ [ 1\t
BF‘Q;MP<4 ><T)

This series converges rapidly for T* > 4.

“Reichl, L. E. (2017). A modern course in statistical physics. Wein-
heim: Wiley-VCH.
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16.4 Blackbody Radiation

Every object spontaneously and continuously emits electromagnetic
radiation. To be more precise, any object with a temperature above
0 kelvin emits electromagnetic radiation. This radiation is a distri-
bution of light with different frequencies. The hotter the object, the
higher frequencies it generates. That is why when a piece of metal
is heated, it starts to glow with a mildly dull red color and then
progresses to a brighter yellow, a color with a higher frequency.

Even the person reading this right now is generating light! How-
ever, much of this light is in the infrared spectrum, making it invis-
ible to the unassisted human eye. Nonetheless, it is still energy that
can be harnessed for power.

Conversely, all objects absorb electromagnetic radiation to some de-
gree as well. We define an object that absorbs all radiation falling
on it, at all wavelengths, as a black body.

The spectral radiance, By, of a body describes the amount of en-
ergy it emits at different radiation frequencies. When a black body
is at a uniform temperature, its emission has a characteristic fre-
quency distribution that depends on the temperature. This emis-
sion is called black-body radiation.

Now, we go back about 100 years to the year 1900. The model
used to calculate the spectral radiance of a black body was the
Rayleigh-Jeans law given by

B 2ckT

BA(T) 2\

Where

e ) is the wavelength

e ¢ is the speed of light
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e k is Boltzmann’s constant

e T is the absolute temperature

We can also write the Rayleigh-Jeans law in terms of the frequency,
V’

202kT
BT =—5~
The British physicist Lord Rayleigh derived the A=* dependence
of the spectral radiance based on both classical physical arguments
and empirical factﬂ Then, a more complete derivation that in-
cluded the proportionality constant was presented by Rayleigh and
Sir James Jeans in 1905.

Notice the word classical in the above paragraph. As it turns out,
this theory fails and demonstrates a key error in the understand-
ing of physics at the time. As for why the theory is erroneous, re-
call that a black body emits a distribution of light frequencies. So,
we might perhaps want to integrate B, (T") over all v to gauge how
much energy an object is emitting

00 2
/ B,( du—/ 2y2deI/
C

[e.9]

2kT
c2

3

3

0

Which diverges! But, this can not be true. The energy an object
is emitting must be finite. This theoretical malfunction would be
named the ultraviolet catastrophe. The problem is, the law cor-
rectly predicts experimental results for v < 10> GHz but fails to do

4Kutner, Mark L. (2003). Astronomy: A Physical Perspective. Cambridge
University Press. p. 15. ISBN 0-521-52927-1.
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so as frequencies reach the ultraviolet region of the electromagnetic
spectrum.

14 -
5000 K
IE 12
. Classical theory (5000 K)
£ 10
7 8 4
5 \
3 \
c 6 -
8
O
g / 4000 K
3 4 —
(=1
9 2 / \ \
3000 K ™~
0 /_—\h_-_'_‘_‘———-h""——————_——__:__
T T T T T 1

Wavelength (pm)

Figure 16.1: The black curve, representing the Rayleigh-Jeans law,
diverges from the observed intensity. Image by Darth Kule - Own
work, Public Domain, https://commons.wikimedia.org/w/index.
php?curid=10555337

Enter stage right the revolutionary German physicist Max Planck,
also known as the father of quantum mechanics (Which was due to
this topic!). Planck showed that the spectral radiance of a body for
frequency v at absolute temperature T is given by

2hv? 1

2 A
€ erxT — 1

B,(v,T) =

Where h denotes the Planck constant. Note that B, has the unit


https://commons.wikimedia.org/w/index.php?curid=10555337
https://commons.wikimedia.org/w/index.php?curid=10555337
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"power per unit surface area per unit solid angle per unit frequency
emitted." To derive the power emitted per unit area, we have to
calculate the integral

P 00 27 w/2
— :/ Bl,du/ dgb/ cos@sinf df
A 0 0 0

o
:77/ B,dv
0
hv

Substituting xz = 7, dv = kTTdac gives:

o0 4 roo 3
/ B, dv = 2 kT / A
0 C2 h 0 et —1

It is here where we see that we can use ([16.2]). However, we can
derive that formula here! We begin by letting

f(a):/ooo al dz

et —1

Now, consider the integral definition of the Gamma function

Then the substitution z = nu, dz = n du for some n € N yields:

o0
F(z):/ n*u* e " dy
0

1 1 &
L= / e dy,
n®  T(z) Jo
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We can now sum both sides from n = 1 to oo.

By the dominated convergence theorem, we can interchange sum-
mation and integration to get

R uZ—l e~ du
> >

n=1

We can then easily evaluate the sum on the RHS by the power se-
ries expansion of ﬁ

o

—_— = U — U
Z n*  T(z) Jo 1—e v
n=1
1 oo ,,z—1,—u
_ / u*" e du
F(Z) 0 1—eu

et

We can multiply by & to get:

0 1 1 /oo w?— L
I ="
n?* I(z) )y e*—1

n=1
Notice that for R(z) > 1, the RHS is equivalent to {(z). Therefore,

uz—l

et —1

C(2)(z) = /OOO du (16.2)

Which is a beautiful formula. It gives rise to this interesting result,
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Back to our original problem, we have that
P _m (20 (kTN
A 15 \ ¢2 h
_ 2ok 7
15h3¢2

This is the Stefan—Boltzmann law, which is used in a variety of

applications. Markedly, it is used in astrophysics to calculate the
temperature of stars!

16.5 Fermi-Dirac (F-D) Statistics

Fermi—Dirac statistics describe a distribution of particles over en-
ergy states in systems consisting of many identical particles that
obey the "Pauli exclusion principle". It is named after the Italian
physicist Enrico Fermi and English physicist Paul Dira(EHﬂ

SFermi, Enrico (1926). Sulla quantizzazione del gas perfetto monoatomico.
Rendiconti Lincei (in Italian). 3: 145-9., translated as Zannoni, Alberto
(1999-12-14). On the Quantization of the Monoatomic Ideal Gas. arXiv:cond-
mat/9912229.

Dirac, Paul A. M. (1926). On the Theory of Quantum Mechan-
ics. Proceedings of the Royal Society A. 112 (762): 661-77. Bib-
code:1926RSPSA.112..661D. doi:10.1098 /rspa.1926.0133. JSTOR 94692.



394 CHAPTER 16. STATISTICAL MECHANICS

Scientific Model

The Fermi-Dirac (F-D) distribution characterizes a system
of identical fermions (particles with half integer spin) in
thermodynamic equilibrium. In that scenario, the average
number of fermions in a single-particle state ¢ is given by the
sigmoid function%

1

— e (16.3)

n;

“Reif, F. (1965). Fundamentals of Statistical and Thermal Physics.
McGraw—Hill. ISBN 978-0-07-051800-1.

Where

k is Boltzmann’s constant

T is the absolute temperature

FE; is the energy of a single-particle state ¢

1 is the total chemical potential

Fermions include all quarks and leptons, as well as all composite
particles made of an odd number of these. They can be either el-
ementary particles (electrons) or composite particles (protons).
The F-D distribution is most frequently applied to electrons, which
have spin % The F-D distribution is only valid if the number of
fermions in the system is large enough so that adding fermions has
a negligible effect on p.

Derivation. We begin by noting the Pauli Exclusion Principle:
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Scientific Law

The Pauli exclusion principle was formulated by Austrian
physicist Wolfgang Pauli in 1925 for electrons, and later ex-
tended to all fermions with his spin—statistics theorem of
19409 It states that two or more identical fermions cannot
occupy the same quantum state within a quantum system
simultaneously.

“Pauli, Wolfgang (1980). General principles of quantum mechanics.
Springer-Verlag. ISBN 9783540098423.

So we have the restriction that in our system, each allowed energy
state s; can accommodate one and only one fermion. We can also
set the restrictions that

e N, the number of fermions in the system, is a fixed number

e > . E;N;, the total energy of the system, is constant

Now, consider the problem of placing N; indistinguishable fermions
in the i level into S; states. This is simply:

Si\ 3!
W= <N> = (Si— N) NV

Therefore, the total number of ways to arrange indistinguishable
fermions in a multi-level system is

Si!
W_Hwi_n(si—zvi)uvi!

i

Where the product is taken over all . We now seek to set IN; val-
ues such that we maximize W using our basic optimization tools.
Remember from the fundamental laws of thermodynamics that
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the most likely distribution is that with the largest amount of mi-
crostates. But, before we proceed we need to take the natural loga-
rithm of W. Simply put, solving d (In W) = 0 is much simpler than
solving d(W') = 0. Since

d(InW) = d(W,VV)

And W # 0, we are justified in this step. Taking the natural loga-
rithm of W,

W => In(S!) —In((S; = Ni)!) — In(Ny!)

Since we are dealing with a large number of fermions, we can use
Stirling’s formula from (|1.5)).

Inz!l=azlnz — =z

For large x. Applying this approximation gives:

W =Y " Simn(S) — 8 — (Si — Ni)In(S; — N})
Z + (S; = N;) — N;In (N;) + N;

Now, we are in a comfortable place to perform our optimization.

dlnW oW
dN; - ON;
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ow

dN; (16.4)

Since gjs\;? =0 (.5; is a constant with respect to N;), we can write:

8W :1H(SZ—N1)+1—ID(N1)—1

ON;
S;

Plugging this value into ((16.4)),

d(InW) =) lln <§f - 1)] dN;

. 3
(2

Now, our optimization step.

Si

But, we have the restrictions:

2.

i

e There is a fixed number of particles
e The energy of the system is constant
Although many readers are familiar with how to deal with such

constrained problems (Using Lagrange multipliers), a brief intro-
duction to Lagrange multipliers will be provided.
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Theorem

The method of Lagrange multipliers is a strategy for finding
the local maxima or minima of a function subject to equality
constraintd”. The method for one constraint can be summa-
rized as follows: in order to find the stationary points of f(x)
under the constraint g(x) = 0, find the stationary points of:

L(z,A) = f(z) + Ag(z)
Where A is the Langrage multiplier.

“Hoffmann, Laurence D.; Bradley, Gerald L. (2004). Calculus for
Business, Economics, and the Social and Life Sciences (8th ed.). pp.
575-588. ISBN 0-07-242432-X.

This method is advantageous since it allows optimization problems
to be solved without explicit parameterization in terms of the con-
straints. Therefore, the method of Lagrange multipliers is very pop-
ular in solving challenging constrained optimization problems. Us-
ing this method gives the two constraints:

N—ZNizo
7

E—ZEiNi:O

(2

Therefore,

Lz, A, ) =W+ XM [ N=D N; | + X | E= ) EiN;

In general, we can maximize W using % =0,
k2
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ow
ON;

Using ((16.5)) and exponentiating both sides,,

=\ + X E;

S;
| ——1) = FE;
n(Ni ) A1+ A9

Si — 1= e)\1+)\2Ei

N;

T e E;

For some constants A1, A2. Now, our focus shifts to trying to evalu-
ate A1, A2. Recall Boltzmann’s law, which states that:

S =kInW = kL(z, A1, Ao)

Where S denotes entropy. We can then see that

875:]{/\17875:]{/\2

ON OFE

We can now utilize the thermodynamic equation

dE = TdS — PAV + pdN

1
= dS = 7 (dE + PAV — udN)

oS
= (mv),w‘“l“

)

NI=
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Solving for A1, A9

_ "
M kT
1
A=

Therefore,

= e(Ei—p)/kT 4 1
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17.1 Volume of a Hypersphere of Dimension
N

The N deminsional hypersphere, or N—ball, is a generalization of
the notion of a sphere to higher dimensions. A a circle of radius R
(which can be regarded as a 2—ball) has the equation:

332+y2§R2

Similarly, for 3 dimensions, the equation of a sphere of radius R is
given by:

2?4 y? + 22 < R?

In general, for an N —ball, its volume is the volume enclosed by

w3425+ 2k < R

17.1.1 Spherical Coordinates

To the reader that is familiar with multiple integrals and the use of
spherical coordinates, this section will be rather easy. However, a
brief introduction is given below.
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The spherical coordinates of a point are given by (r, 6, ),
where

e o =arctan (¥)

e O = arccos (f)

And r, 0, ¢ denote radius, inclination, and azimuth, respec-
tively.

Conversely, one can write:

e x =rsinfcosyp
e y =rsinfsinp

e 2z =1rcosf

We can extend this spherical coordinate system to an arbitrary di-
mension. By using the notion of the Jacobian,

6($1ax27 o 7xn)

d"V =
6(7", P17 Qpnfl)
cos(p1) —rsin(p1) 0 0 - 0
sin(ipy) cos(p2) 7 cos(p1) cos(p2) —rsin(pr)sin(pe) 0 - 0
— det : : : :
0
sin(p1) - - - sin(pn—2) cos(pn-1) e e —rsin(pr) - - sin(@n-2) sin(pn-1)
sin(ip1) -+ sin(@p—2) sin(@p-1) 7 cos(p1) - -sin(pn-1) rsin(pr) -+ - sin(pp-2) cos(pn-1)

= 1" sin" "% (1) sin" " (i02) - -sin(pn—2) drder dea -+ dgn



404 CHAPTER 17. MISCELLANEOUS

Where |-| denotes the determinant. In this coordinate system, there
is one radial coordinate, r, and n — 1 angular coordinates. The do-
main of each angular coordinate is [0, 7], except ¢,,—1 which has
domain [0,27). A more detailed derivation can be found in the Blu-
menson (1960)|H

17.1.2 Calculation

Using spherical coordinates, the volume of an N —ball is

VN(R):/OR/OW/;.../OZWTN—lsinN—Q(%)...

sin(pn—2) dpn—1 - - depa deidr

We can write the iterated integral above as a product of integrals

VNn(R) = </ORrN—1dr> (/O%dw_l> (/OwsinN_Q(cpl)mpl)
: (/OTr Siﬂ(@NZ)dSON2>

Evaluating the first integral,

vaim) = ( / " dsoNl) ( / ’ sinN—2<sol>dsol>
. (/07r SiH(CPN—z)dSON—2>

!Blumenson, L. E. (1960). A Derivation of n-Dimensional Spheri-
cal Coordinates. The American Mathematical Monthly. 67 (1): 63-66.
doi:10.2307,/2308932. JSTOR 2308932.
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Notice that this is very close to the trigonometric integral form of
beta function,

™

B(z,y) = 2/2 sin?® 1 (t) cos® L (t)dt
0

See for derivation. However, we need to find a way to change
the interval of our integrals to [0, g] The first integral’s change

in domain is trivial to compute. But, for the integrals with a sin
term, we need to notice that sin™ ~!(z) is symmetric around % in

the interval [0, 7].

15 2.0 25 3.0

Figure 17.1: Graph of y = sin® z for different values of N on x €
[0, 7]

Therefore,
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N[ 3 3
VN(R> = RW <2/0 SinNQ((pl)d(p1> ce (2/0 Sin(gDN_g)d(pN_2>

(g

Now, we have a form that is equivalent to (11.3)! We can then
write Vy(R) as

Notice that the finite product telescopes. Thus, using nI'(n) =
I'(n+ 1), we have

N
22 RN
Va(R) = — ~
NT (5>
X pN
V(R) = (17.1)
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17.1.3 Discussion

Using ([17.1)), the unit ball in N dimensions has volume

An interesting question might be:

[ When does the volume of a unit N—ball reach its maximum? ]

We can plot V(1) to get an idea:

Y

5 ‘ 10 o 15 20
Figure 17.2: Graph of y = V(1)

The volume demonstrably peaks at N = 5. But, what is so special
about 57 Nothing particular. If the radius were to be changed, the
peak in (17.2]) would shift. Consider, for example, an N —ball of

radius 2 (figure (17.3)).

Which demonstrably peaks much later. This trend of larger peaks
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y
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Figure 17.3: For the case of R = 2, the volume peaks around N =
25

should be intuitive from the RY term in the numerator.

Challenge Problem

Let n € N be the value at which Viy(R) has a maximum.
Prove that:

|27R? —2¢77| < n < |27R? — 1]
Hint: Use the resultEHﬂ

log <a:— ;) <Y(z) <lIn <x+e‘7— 1)

°F. Qi and B.-N. Guo. Sharp inequalities for the psi function and
harmonic numbers. arXiv:0902.2524.

N. Elezovic, C. Giordano and J. Pecaric. The best bounds in
Gautschi’s inequality. Math. Inequal. Appl. 3 (2000). 239-252.

However, one feature for all radii holds true, the volume of the hy-
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persphere always tends to 0 as N — oo. This is easy to show by
taking the limit of Vy(R):

Which can be easily shown to equal 0 by using Stirling’s formula.
But, what is an intuitive explanation for this? From the definition
of an N—ball, we know that the region defined by

r}+ 23+ a0k < R?

Gives the volume of a N—ball of radius R. For the sake of simplic-
ity, let us consider R = 1. This argument can, however, easily be
extended to any R > 0. As N grows, most x,, must be close to 0.
Consider the line given by:

Ty =Ty = =1IN

This line intersects our N —ball at + <\/%, Sy J%) As N — oo,

this bounding region becomes smaller and smaller.

17.1.4 Applications

This brings us to the importance of this rather abstract problem.
In fact, the result we obtained about the limiting behavior of Vi (R)
is a part of the larger curse of dimensionality:
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The curse of dimensionality refers to various phenomena

that arise when analyzing data in high-dimensional spaces,
that do not occur in low-dimensinal space such as the
3—dimensional space we experience everyday. This expres-
sion was coined by the American mathematician Richard E.
Bellman. Bellman used this expression to characterize some
phenomena in dynamic programming, a method developed by

Bellman{

“Richard Ernest Bellman (1961). Adaptive control processes: a
guided tour. Princeton University Press.

bRichard Ernest Bellman (2003). Dynamic Programming. Courier
Dover Publications. ISBN 978-0-486-42809-3.

This phenomenon arises often in statistics and machine learning.
Interestingly, with a fixed amount of training data, the predictive
power of a machine learning classifier or regressor first increases

but then decreases. This phenomenon is named the peaking phe-
nomenon and is similar to the trend in volume of a N—ball (See
figure and . Indeed, it is because the notion of N —balls

is vital to data analysis in higher dimensions. Our analysis of N—balls
is especially relevant to k—nearest neighbor classiﬁcation[ﬂ

17.1.5 Mathematical Connections

The notion of the volume of a N —ball appears in many fields of
mathematics, especially in measure theory. For example, for any
Borel set .S, the following equality holds:

2Koutroumbas, Sergios Theodoridis, Konstantinos (2008). Pattern Recogni-
tion - 4th Edition. Burlington.

3Radovanovié, Milos; Nanopoulos, Alexandros; Ivanovi¢, Mirjana (2010).
Hubs in space: Popular nearest neighbors in high-dimensional data. Journal of
Machine Learning Research. 11: 2487-2531.
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An(S) =27V VN (1) HN(S)
Where

e )y denotes the N—dimensional Lebesgue measure
e HY(S) denotes the N—dimensional Hausdorff measure
The reader should be familiar with the Lebesgue measure, which

was discussed briefly earlier. The Hausdorff measure is fundamental
in geometric measure theory, and appears in harmonic analysisEHﬂ

4Morgan, F. (2016). Geometric measure theory: a beginners guide. Amster-
dam: Academic Press.

"Toro, T. (2019). Geometric Measure Theory—Recent Applications. Notices
of the American Mathematical Society, 66(04), 1. doi: 10.1090/noti1853
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Appendix A

It is standard knowledge that the imaginary unit, ¢, is equal to
v/—1. The term "imaginary" was coined by the French polymath
René Descartes in an effort to devalue imaginary numbers’ valid-
ity In the third book of his La Géométrie, Descartes states:

Moreover, the true roots as well as the false [roots| are not
always real; but sometimes only imaginary [quantities|; that
is to say, one can always imagine as many of them in each
equation as I said; but there is sometimes no quantity that
corresponds to what one imagines, just as although one can
imagine three of them in this [equation]|, 2® — 62?4+ 13z —10 =
0, only one of them however is real, which is 2, and regarding
the other two, although one increase, or decrease, or multiply
them in the manner that I just explained, one would not be
able to make them other than imaginary [quantities|.

However, after the pioneering work of Euler and Gauss, both accep-
tance and interest in imaginary numbers rose.

Interest in e and the imaginary unit first arose from Bernoulli’s ob-

Giaquinta, Mariano; Modica, Giuseppe (2004). Mathematical Analysis:
Approzximation and Discrete Processes. Springer Science Business Media. p.
121. ISBN 978-0-8176-4337-9. Extract of page 121
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servation thatm

11 1 N 1
1422 2\14ix 1—ix

Which, when combined with the standard integral

/ dz In(1+ ax) Lo

14+ ax o

Can give us an idea of what the complex natural logarithm is. An-
other notable formula is due to the English mathematician Roger

CotesH|

In(cosz +isinz) = iz

Which was discovered in 1714. In 1748, Euler published his famous
formula which states that

e =cosx +isinz

Proof. We will present a standard proof due to Euler. Recall the
Taylor series for sinx and cos z:

o (_1)nx2n+1 3 5

. x x
SIH$ZZW:$f§+§+
n=0
oo
_ (_1)nx2n_ .’L'2 .7}4
n=0

Also, recall the Taylor series of the exponential function

"Bernoulli, Johann (1702). Solution d’un probleme concernant le calcul in-
tégral, avec quelques abrégés par rapport a ce calcul [Solution of a problem in
integral calculus with some notes relating to this calculation]. Mémoires de
I’Académie Royale des Sciences de Paris. 1702: 197-289.

8Grattan-Guinness, I. (2000). The rainbow of mathematics: a history of the
mathematical sciences. New york: W.W. Norton Company.
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" 2
—,:1+x+§+

-3

Substituting x — ix in the series expansion of e* gives

14 1°x 1°x 1t
=1+ + 21 + 3l m +
_1 22 i 2t
= %—Z$-—‘§T —*i§r'+’ZT‘+

Notice that we can separate even and odd powers of x,

$2 $4 x3 I5
1-— ET'+ ZT'+ +1 | x— §T'+ BT'+"'

The first sum is cosx and the second sum is sinx. Therefore,

e = cosx +isinx (17.2)

Substituting x — —z in (17.2)),

e =cosx —isina (17.3)

Since cos( ) and sin( ) are even and odd functions, respectively.

Adding (17.2) and ( gives
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e 4 el
COSy = ————

While subtracting (17.2)) and ((17.3)) gives

_ el
29

We can also derive the beautiful result

) ez
sSinx =

e +1=0

Using , which is famously known as Euler’s identity. The
physicist Richard Feynman called this equation "our jewel" and
"the most remarkable formula in mathematics'P’] The author agrees
wholeheartedly with Feynman’s assessment! It is perhaps useful to
introduce another approach to deriving Euler’s formula.

Proof. Let

f(z) =cosx + isinx

We will begin by differentiating f(x):

df . 4
—— = —sinx +17cosx

dz
=if(z)

We now have the differential equation

9Feynman, Richard P. (1977). The Feynman Lectures on Physics, vol. I.
Addison-Wesley. p. 22-10. ISBN 0-201-02010-6.
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d
=it
df
F@) ~

Integrating,

Inf(z) =iz +C

— f(l’) _ eix-i—C' _ Cleix

Now, f(0) =1, so C1 = 1. Therefore,

e =cosx +isinx

We now move our discussion to the complex logarithm.

The complex logarithm is defined similarly to the real loga-
rithm@ Let

€ =z

Then
Inz ==z

“Sarason, Donald (2007). Complex Function Theory (2nd ed.).
American Mathematical Society.

Proposition. For any complex number, there are infinitely many
complex logarithms.
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Proof. Let z = re” for 7,6 € R and r > 0. Then one value of the
complex logarithm is:

Inz=Inr+if
However, note that z can also be represented as z = re’?T2k7 for
any k € N since
e¥FT = cos(2mk) + isin(2nk) = 1
Taking the complex logarithm of both sides of z = re+2*7 gives,

Inz =Inr+ (6 + 2km)i

Since we can choose any k € N, there are infinitely many values of
the complex logarithm. O

The complex logarithm is defined as a multi-valued function. Hence,
a branch is required to define the complex logarithm as a function.
In most cases, we will deal with the principal value of the complex
logarithm. For each complex number z € C\ 0, the principal value
of In z is the logarithm whose imaginary part lies in the interval
(—m, 7). We can then write the principal value of the complex loga-
rithm as

0
Inz=1 — 17.4
nz=Inr-+ { o } ( )
For some z = re?. Here {-} denotes the fractional part. The in-
terested reader should refer to chapter 8 for a survey of problems
involving fractional parts.



Appendix B

Any introductory two-semester calculus course sequence is bound
to investigate Taylor series. However, this appendix shall serve as a
quick review.

The Taylor series of some function, f(x), is its representation as an
infinite sum of terms. These terms are calculated from the values
of the derivatives of f(x) at a single point. We can present a more
formal definition below:

Let f(x) be an infinitely differentiable complex-valued func-
tion at x = «. Its Taylor series is then given by the infinite
power series:

£@) = £@) + L2 - a) + o p?

_|_

Or, using summation notation,

0 £(n) (g
Zf ()(x_a)n

n=0
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Where f(") denotes the nt" derivative of f. Some Taylor series in-
clude:

Exponential Function

X n
w:§’£
n!

n=0

Which converges for all x € C
Logarithmic Function

o0 2 3

x™ x x
In(1 — Yz .
== 2 3 ’
n=1
o n 1 " 2 3
n(l+x) = Z —x—%+%—---

n=1

Which always converge for |z| < 1. It is worth noting that the series
representations of In(1 — z) and In(1 + x) converge at z = —1 and
x = 1, respectively.

Trigonometric Functions

o0
_ (-1)" 2n+1 _ z? 2P
S Z(2n+1)! BRI
n=0
[oe)
(=" a? ozt
cos:z:—z;)@n)'x" :1—5 bl
n=
o0
Bon(—=4)" (1 —4™) , x> 22
t = — o2
anw Z (2n)! x4+ 3 + 15 +-



> (2n)! 2l 3 3a°

423

arcsina:zz4n(n!)2(2n+1) =rx+—=+—+4+ -

n=0
7T .
arccosr = 5 — arcsimx

[e.9]

:E_Z (2n)! g2l :f_x_ﬁ_?if)
2 ~ 47(n!)2(2n+1) 2 6 40
o0
(=D" ant1 a2
arctanmzyg%ﬂm” :x—§+€—---

Where B,, denotes the n'® Bernoulli number, see (4.4) for more.

Hyperbolic Trigonometric Functions

o 2+l P B
Sinhx:ngom_i_l)! :$+§+a+...
coshx:gé:;! :1+§+f5+...
sinh~ 'z = nioo 4n((;1))27;;inj_‘ 1)562"“ =z — $63 + ?ZE; 4.
tanh_lx:i;;jll :x—|—x;+x55+...

Again, B,, denotes the n'* Bernoulli number.

Binomial Series
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Where (g) denotes the generalized binomial coefficient,

(a) lﬁ[a—k+1:a(a—1)---(a—n+1)

n k n!
k=1

Notice that when a € Z™, this series is equivalent to the series for

1 1 1
14z’ (14+x)2° (1+z)3’

To derive many of the above series, one needs to employ the tech-
nique of interchanging summation and integration. A nice challenge
would be trying to derive all the series listed above. Give it a try!
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5. 44/2 — 4
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6.1

mln2

3v/3
8. (3\/’— 2) -

9. The integrand is always positive on [0, 1], so the integral is
positive. Moreover, the integral equals % — 7, which shows
that 2 > 7.

In

e4

2

10.

Chapter 3
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mln?2
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Chapter 12

1.1




Integral Table

The integration constant has been omitted here.

Rational Functions

1
/—dx = In|z|
x

Exponential Functions

/exda: =e”
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Logarithmic Function

/lnx de =a2lnx -2z

Trigonometric Functions

/sinx dz = —coszx
/cosx dz =sinz
/tanx dz = In|sec x|
/secx dz = In|sec z + tan x|
/sech dz =tanzx
/secxtanx dz = secx

Miscellaneous

a z
——  dr=tan'Z
/ a? + z? a
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a 1
J e =g

L
Xr = Sln —

1
——=d
/\/a2—x2 a

r—a

T
dz = sec™' =

a
/ V12 — a? a

1 T
/ﬁdx = cosh E
= ln<x + Va2 — a2>

1 LT
/de = sinh E
= ln<x + Va2 + a2>
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Trigonometric Identities

Unit Circle Identities

sin(6) + cos?(A) = 1
Dividing sin?(6) + cos?() = 1 by cos?(6) or sin?(#) gives

tan?(f) +1 = sec?(f)
14 cot?(d) = csc?(h)

Addition Formulas

sin(fa+ 8) = sin(«)cos(B) + cos(a) sin(3)
cos(a + ) = cos(a)cos(B) — sin(a) sin(f)

Double Angle Formulas

sin(2a) = 2sin(«a) cos(a)

cos(2a) = cos?(a) — sin?(a)
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The formula for cos(2a) is often rewritten by replacing cos?(«)
with 1 — sin?(a) or replacing sin?(a) with 1 — cos?(a) to get
cos(20) = 1 —2sin*(a)
cos(2a) = 2cos’(a)—1

Solving for sin?(a) and cos?(a) gives power reduction formulas that
are very useful for integration

sin?(a) = %(1—cos(2a))

cos?(a) = %(14—003(2@))

An addition formula for tangent can be derived from the ones for
sine and cosine.

sin(a) cos(B) + cos(a) sin(S)

cos(a) cos(f) — sin(a) sin(S)

Now dividing by Zgigjizzzg

tan(a + ) =

gives

tan(a) + tan(f)

tan(a + 3) = 1 — tan(a) tan(B)
tan(2a) = 12—23[52&(2)

Triple Angle Formulas

sin(30) = 3sinf — 4sin’ 0 = 4sinesin(§ - 6) sin(g + 9)

cos(30) = 4cos® 0 — 3cosf = 4cos¢9cos<7; - 9) COS<§ + 9>
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3tanf — tan3 T T
tan(39) = m = tan@tan(g — 9) tan<3 —+ 0)

Half Angle Formulas

) 2(0) 1—cos@
sin® | = | = ————
2 2

2<9> 1+ cosf
cos” | = | = ——
2 2

tan? 0\ _1—cosf
"\2) 7 sine

Try deriving other trigonometric identities using these ones as a
basis!
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